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The cerebellum and its functions  
The cerebellum (the Latin word for little brain) has largely been one of the most 
studied structures of the brain (Glickstein et al., 2009). A considerable part of our 
knowledge on cerebellar cellular structure and histogenesis is due to Ramón y Cajal (for 
a deep review, see Puelles, 2009), who is considered one of the founding fathers in the 
study of the cerebellum (see Fig. 1). From the time of his discoveries up to now, much 
of what is known about the development, structure and function of the cerebellum is 
based on classical anatomical tools such as Golgi staining, neuroanatomical tract 
tracing, immunostaining and a number of genetic tools. 
 
Figure 1. The elements of the cerebellar cortex. A, Purkinje cell; B, basket cell; C, 
climbing fiber; D, Purkinje cell axon with collaterals; E, granule cell; F, parallel fiber; G, mossy 
fiber rosette; H, basket of the basket cells axon. From Ramon y Cajal’s Croonian Lecture 
(Ramon y Cajal, 1894). Taken from Glickstein et al. (2009). 
 
The cerebellum displays several features that make it highly amenable to study 
the genetic specification and morphogenetic processes that are at the basis of the 
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structural complexity of the adult brain. First, it represents 10% of the total brain’s 
volume, but contains more than half of its neurons, which become organized in a 
discrete number of cell layers and give rise to a highly organized circuitry (see below). 
Second, the cerebellum presents a protracted development that allows a detailed study 
of its early regionalization and morphogenesis, which in turn helps to understand how 
the adult cerebellar architecture is achieved. Third, the understanding of these 
morphogenetic processes will help to know the basis of a large spectrum of cerebellar 
disorders.  
Other of the reasons that explain why the cerebellum is attracting a growing 
number of scientists is the increasing awareness of its multiple roles (Manto and Haines, 
2012). It is well known that the cerebellum integrates sensorial and motor information 
(for review, see Delgado-García, 2001). It is involved in the coordination of voluntary 
movements (by controlling the timing and pattern of muscle activation), in the 
regulation of muscle tone and in the maintenance of body balance and posture. The 
cerebellum is also involved in motor learning, i.e., it plays a major role in adapting and 
fine-tuning motor programs to make accurate movements through a trial-and-error 
process (see Thach, 1998). A well-known example of motor learning is the vestibulo-
ocular reflex (Ito, 1984; Allman, 2003; Yoshikawa et al., 2004), in which the 
cerebellum allows the retinal image getting stabilized (i.e., not blurred by the 
movement). More recently described functions include the involvement of the 
cerebellum in cognitive and emotional processes such as associative learning, emotional 
conditioning, relational memory or spatial cognition. Motor learning and cognitive 
processes were observed not only in mammals, but also in other vertebrate groups as 
bony fishes (Rodríguez et al., 2005). Furthermore, the cerebellum is also responsible for 
the analysis of the lateral line information in most of anamniota vertebrates (Puzdrowski 
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and Leonard, 1993), as well as in the electroreception in fishes that generate electrical 
fields and those who have electroreceptors (Butler and Hodos, 2005).    
 
Cerebellar gross anatomy 
The mammalian cerebellum consists of two major parts (Fig. 2): the cerebellar 
deep nuclei (or cerebellar nuclei) and the cerebellar cortex, which contains almost all of 
the neurons in the cerebellum. Two major fissures run mediolaterally dividing the 
cerebellar cortex into three primary subdivisions. The posterolateral fissure separates 
the flocculonodular lobe from the cerebellar body, and the primary transverse fissure 
separates the cerebellar body into a posterior lobe and an anterior lobe.  
 
Figure 2. Drawing of a sagittal section to show the major structures of the 
cerebellar system in mammals, including the deep cerebellar nuclei and the cerebellar 
cortex. Adapted from Purves et al. (2001). 
 
In birds and mammals, the cerebellum is also divided sagittally into different 
zones that run from medial to lateral (Fig. 3). The cerebellar body (central vermis) is 
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located along the midsagittal plane of the cerebellum while two paired hemispheres are 
located laterally. These anatomical subdivisions correspond to the three major 
functional subdivisions of the cerebellum, as illustrated by Larsell (1937) and Dow 
(1942). The vestibulocerebellum is constituted by the floculonodular lobe (or auricle) 
and mostly receives inputs from the vestibular and reticular systems. It is responsible 
for maintaining body balance and eye movements. The spinocerebellum corresponds to 
the cerebellar body or central vermis and is mainly connected with the spinal cord. It 
controls the axial musculature (body movements and proximal regions of the limbs). 
The pontocerebellum correspond to the lateral hemispheres. It is involved in the 
planning and timing of movements of the distal parts of the limbs and in the cognitive 
functions of the cerebellum (Sarnat and Netsky, 1981; Pollok et al., 2006).  
 
Figure 3. Anatomy and organization of the cerebellum, using the Larsell’s 
nomenclature (Larsell, 1967). Taken from Walker et al. (1990). 
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Histology and connectivity of the cerebellar cortex 
 The cerebellar cortex is the superficial gray matter of the cerebellum. It contains 
cell bodies, dendrites and axons of different cell types that are organized in three cell 
layers (for review, see Butler and Hodos, 2005).  In amniota, the outermost layer is 
named molecular layer and contains stellate and basket cells, the latter located at basal 
(inner) positions. It is followed by the Purkinje layer, which contains Purkinje cells. The 
granular layer is located next and contains granule and Golgi cells. Inner to these three 
cell layers is the fibrous layer or white matter (for review, see Delgado-García, 2001). 
In addition to this, there are a few cell types which are only present in some groups of 
gnathostomes, such as Lugaro, brush, candelabrum, and eurydendroid cells (Lainé and 
Axelrad, 1994; Pushchina and Varaksin, 2001; Ito, 2006; Campbell et al, 2007; Meek et 
al, 2008).  
The cerebellum is able to carry out all of its functions due to all the information 
that receives from multiple pathways and from different regions of the brain. Cerebellar 
input from different precerebellar nuclei can be divided into three major cerebellar 
afferents: mossy fibers, climbing fibers and fibers of diffuse termination. Mossy fibers 
originate in the pontine nuclei, the spinal cord, the brainstem reticular formation, and 
the vestibular nuclei (see Fig. 2) and they project onto the cerebellar nuclei and onto 
granule cells in the cerebellar cortex. The granule cells send axons up toward the 
cortical surface. Each axon bifurcates in opposite directions in the molecular layer. 
These parallel fibers run parallel to the folds of the cerebellar cortex, where they make 
excitatory synapses with Purkinje cells along the way. The firing of each Purkinje cell 
can be influenced by thousands of mossy fibers. Climbing fibers originate exclusively in 
the contralateral inferior olive (see Fig. 2) and project onto the cerebellar nuclei and 
7
onto the Purkinje cells of the cerebellar cortex. Each Purkinje cell receives a single 
input from a single climbing fiber. Fibers of diffuse termination originate mainly from 
locus coeruleus (noradrenergic), pedunculopontine nucleus (cholinergic) and raphe 
nucleus (serotoninergic). Their endings were described in the three layers of the 
cerebellar cortex (for review, see Delgado-García, 2001; Sillitoe et al., 2012). 
Purkinje cells are considered key cells in the cerebellum, since they constitute 
the sole output of the cerebellar cortex. Their action is regulated directly or indirectly by 
cerebellar interneurons and afferent fibers. Then Purkinje cells send the integrated 
information to the deep cerebellar nuclei, which in turn constitute the output of the 
cerebellum.  
 
Evolutionary history of the cerebellum 
It has largely been a matter of debate whether a cerebellar anlage is present in 
agnatha or jawless vertebrates. To date, there is no complete agreement about whether 
the cellular extension in myxinoids or the small plate in adult petromyzonts over the 
fourth ventricle would correspond to a cerebellar anlage or not (Johnston, 1902a,b; for 
review, see Larsell, 1947; Nieuwenhuys, 1967; Schnitzlein and Faucette, 1969; Butler 
and Hodos, 2005; Murakami and Watanabe, 2009). However, a true cerebellum with 
functional subdivisions, typical stratification and main cell types (see above) is 
observed only in gnathostomes (jawed vertebrates). Tracing studies further support the 
absence of cerebellum in agnatha (for a review, see Northcutt, 2002). Therefore, the 
cerebellum is recognized as an evolutionary innovation at the agnathan-gnathostome 
transition. The appearance of the cerebellum is concurrent with that of the jaw and, 
consequently, with the appearance of new ways of feeding and more active locomotion 
(for a review, see Northcutt, 2002). 
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All gnathostomes present a vestibulocerebellar subdivision constituted by the 
cerebellar auricle (Fig. 4A), also named caudal lobe, or vestibulolateral lobe. In land 
vertebrates, the cerebellar auricle is known as flocculonodular lobe, and it is generally 
downsized because of the disappearance of the lateral line system (Larsell, 1967; 
Schnitzlein and Faucette, 1969; for review, see also Nieuwenhuys, 1967).  
The spinocerebellar subdivision corresponds to the cerebellar body, which 
shows a huge variability in size, shape and complexity among different groups of 
gnathostomes and also within the same group, in part due to the existence of 
hypertrofies and regressions through evolution (Eccles, 1969). The cerebellar body in 
amphibians and reptiles shows a very simple structure, which consists on a flat plate or 
a plate with a small curvature (Butler and Hodos, 2005). In contrast, the cerebellum of 
fishes appears more complex than that of amphibians and reptiles. Fishes generally 
develop a folded cerebellar body (Fig. 4B), including cases of double-folded (as in 
dogfish), multifolded (as in the sting ray) and hyperfolded (as in mormyrids) cerebellar 
bodies.  In addition, the rostral part of the cerebellar body of bony fishes grows to give 
rise to the cerebellar valvula (Nieuwenhuys, 1967; Pouwels, 1978; Butler and Hodos, 
2005; Candal et al., 2005), which is absent in other gnathostomes. Much higher degree 
of complexity is found in birds and mammals, who in addition to a multifolded 
cerebellar body (known as central vermis; see above) present a pontocerebellum 
consisting of lateral hemispheres. 
9
 
Figure 4. A. Schematic representations of the main parts of the cerebellum in different 
groups of vertebrates. Note that lateral hemispheres were not illustrated in birds. B. Schematic 
representations of sagittal sections of the cerebellar cortex in different groups of vertebrates, 
showing different degrees of folding. Taken from Butler and Hodos (2005). 
   
The cerebellum of cartilaginous fishes 
Chondrichthyans or cartilaginous fishes include holocephala (as chimaera) and 
elasmobranchs, which include sharks, skates and rays (Fig. 5). Cartilaginous fishes are 
at the base of the gnathostome lineage. Because the cerebellum is considered an 
evolutionary innovation that occurred at the agnatha-gnathostome transition, 
cartilaginous fishes are recognized as the gnathostome group that present a cerebellum 
with the most primitive features and, therefore, they represent a key phylogenetic group 





Figure 5. Taxonomic classification of chondrichthyans. Taken from Compagno (1977). 
  
Gross anatomy of the cerebellum  
Among elasmobranchs, a large variety has been observed as regards the 
allometry of the cerebellar system (Yopak and Montgomery, 2008). In spite of this 
variety, two main divisions are present in the cerebellum of all elasmobranch fishes: the 
cerebellar auricle and the cerebellar body, which are separated by the posterolateral 
fissure. This fissure is present in all groups of gnathostomes (Larsell, 1967). The 
cerebellar auricle is related with the ocatovolateral or acoustic-lateral system, which 
includes auditory, vestibular and lateral line systems. Although most fishes show a 
caudal lobe or vestibulolateral lobe, auricles as lateral projections with ear-like shape 
are only observed in chondrichthyans (Fig. 6), chondrosteans and urodele amphibians. 
The cerebellar auricle in these groups is mostly subdivided into upper and lower leaves, 
anteromedially and caudolaterally located each other respectively. Both are joined 




Figure 6. Dorsal and lateral views of adult brain in the shark Scyliorhinus canicula, 
showing the cerebellar body and paired auricles. Taken from Rodríguez-Moldes (2011). 
 
A high variety was also found as regards the degree of folding of the cerebellar 
body (Lisney et al., 2008; Figure 7). While rays show a highly folded cerebellar body 
(Hoffman, 1999), in other elasmobranchs a bilobed cerebellar body is common, which 
is divided by the primary transverse fissure or fissura prima (Larsell, 1967). Different 
degrees of folding are not only affected by the phylogeny, but also by the ecology of 
different species. For instance, benthic species have a smoother cerebellum (schematic 
drawings in Fig. 7), as has been described by Lisney et al. (2008). In addition, the 
cerebellar body is bilaterally divided by a longitudinal fissure (Fig. 7). In contrast to 
other gnathostomes, the inner part of the cerebellum shows a wide ventricle, which 
corresponds to an expansion of the fourth ventricle.      
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Figure 7.  Dorsal and lateral views of cerebellum in four different species of 
chondrichthyans showing different degrees of folding. Adapted from Lisney et al. (2008) and 
Yopak et al. (2010). 
Histology and connectivity of the cerebellar cortex  
A wide number of studies have contributed to what is known about the gross 
anatomy, histology and connectivity of the cerebellar cortex in adult cartilaginous fishes 
(Schaper, 1898; Houser, 1901; Ariëns Kappers et al., 1936; Larsell, 1967; 
Nieuwenhuys, 1967; Nicholson et al., 1969; Kuhlenbeck, 1975; Smeets et al., 1983; 
Álvarez-Otero, 1990; Álvarez-Otero et al., 1995; Anadón et al., 2009). Several cell 
layers are distinguished, from marginal to ependymal levels, in the cerebellar cortex:  
the molecular layer (containing stellate cells), the Purkinje layer (with Purkinje cells), 
and the fibrous layer (containing axons of Purkinje cells and processes of cerebellar 
afferents). The granular layer (containing Golgi and granule cells) is restricted to 
paramedian levels, where cells are grouped into a pair of paramedian eminences, also 
known as granular eminences (for review, see New, 2001; Álvarez-Otero, 1990). These 
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eminences are rostrocaudally extended from the anterior medullary velum up to most 
caudal levels, and continued in the auricle (Fig. 8).  
 
Figure 8. A. Lateral view of the hindbrain of the shark Scyliorhinus canicula sectioned 
longitudinally (A), horizontally (B; the dorsal part of the cerebellar body has been removed) and 
transversally (C, D). CB, cerebellum; DON, dorsal octaval nucleus; GR, granular layer; LAL, 
lower auricle leaf; MOL, molecular layer; MON, medial octaval nucleus; OLA, octavolateral 
area; PL, Purkinje layer; UAL, upper auricle leaf. Taken from Rodríguez-Moldes (2011).   
The fibrous layer is not well defined in the auricle leaves. A few dissimilarities 
also exist between them. The upper auricle leaf shows three layers: molecular 
(marginal), Purkinje (intermediate) and granule (ventricular) layers. The granular layer 
of this auricle leaf is grouped in two paramedian eminences (continuation from those of 
the cerebellar body), which are fused in the median plane as a bridge over the fourth 
ventricle. Instead, the lower auricle leaves are not fused in the median plane. The 
molecular layer is located marginally, they present relatively low quantity of Purkinje 
cells, and the granular layer is located in the ventricular zone. The molecular layer is 
continuous with the cerebellar crest over the octavolateral area or lateral line lobe.  
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A similar histology to that of the cerebellar cortex is also present in other 
structures known as cerebellar-like structures, which mainly include parts of the 
octavolateral and electrosensory systems (Montgomery et al., 2012). 
The neurochemical signature of different cell types in the cerebellar cortex of the 
shark Scyliorhinus canicula has also been previously described by our group, including 
Pax6-immunoreactive (-ir) granule cells (Rodríguez-Moldes et al., 2008), Glycine-ir 
Golgi cells (Anadón et al., 2013), or calretinin-ir Golgi and stellate cells (Anadón et al., 
2009). Components of GABAergic, cholinergic and serotoninergic systems were also 
described in the cerebellar cortex (Álvarez-Otero and Anadón, 1992; Álvarez-Otero et 
al., 1995; Anadón et al., 2000; Carrera et al., 2008). Furthermore, different subtypes of 
cells in the cerebellar nucleus were described in detail (Álvarez-Otero et al., 1996).  
These studies have contributed to verify that main cellular components of the 
mammalian cerebellum (Purkinje, stellate, granule and Golgi cells) are represented 
primarily in cartilaginous fishes and that intercellular connectivity appear to be very 
similar to that of other gnathostomes (for review, see Álvarez-Otero, 1990).  
 
Origin and development of cerebellum and cerebellar connections 
 Classical anatomical studies combined with current molecular techniques are 
excellent complementary tools to gain knowledge about early regionalization and 
morphogenesis of the cerebellum, which in turn is crucial to understand how the adult 
cerebellar architecture is achieved.  Some developmental studies about the cerebellum 
of the shark S. canicula (the lesser spotted dogfish) have been carried out recently 
(Rodríguez-Moldes et al, 2008; Chaplin et al., 2010). This species is now considered a 
model species in Evo-Devo studies (Coolen et al., 2009), a relatively new field that 
relates evolutionary and developmental studies.  
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Early specification of the cerebellum 
The genoarchitectonic analysis has revealed as an essential tool to define the 
embryonic origin of specific regions of the adult brain (Puelles and Ferrán, 2012; 
Sillitoe et al., 2012). Distinct domains are specified under the influence of local 
environmental signals located at specific locations of the developing neural primordium. 
Initially, the neural tube is divided into three vesicles: forebrain (prosencephalon), 
midbrain (mesencephalon), and hindbrain (rhombencephalon). Thus, the hindbrain 
becomes organized into a series of repeated segments (rhombomeres) which exhibit 
individual identities by expression of a unique combination of genes. By contrast, 
immediately anterior to the hindbrain, the midbrain is patterned by a graded signal from 
an organiser tissue (the isthmus) located at the boundary between midbrain and 
hindbrain (reviewed by Irving and Mason, 2000). The development of the cerebellum 
depends on the isthmic organizer (IsO), which controls anterior hindbrain and midbrain 
regionalization (for review, see Sato and Joyner, 2009).  
 There is a broad network of genes related to the IsO (Fig. 9). Among them the 
transcription factors Otx2 and Gbx2 are particularly relevant, because they determine 
the location of the organizer (Simeone, 2000), where the main signaling molecule will 
correspond to Fgf8. This signaling molecule is responsible for the formation of the 
cerebellum by activating the expression of several genes involved in the early patterning 
of this structure, such as Engrailed2 (for review, see Hidalgo-Sánchez et al., 2005).  
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Figure 9. Expression pattern of the Otx2, Gbx2, Fgf8, Lmx1b, En2 and Irx3 genes in 
mouse and chick embryos. Taken from: Liu et al., 1999; Cohen et al., 2000; Kobahashi et al., 
2002; Hidalgo-Sánchez et al., 2005; Guo et al., 2010; and Liu et al., 2010.   
 
The cerebellum originates from the alar part of the most rostral hindbrain. 
However, there is no complete agreement whether the cerebellum is exclusively formed 
form the first rhombomere, or also partially from the caudal midbrain and the second 
rhombomere (Marín and Puelles, 1995; Wingate and Hatten, 1999; Sotelo, 2004; 
Tümpel et al., 2008).  
The regionalization map of the isthmus outlined by the expression of these genes 
appears well conserved throughout evolution (Urbach, 2007). Outlining the IsO in 
elasmobranch fishes based on gene expression will be extremely useful to define the 
embryonic origin of the adult cerebellum of elasmobranch. Since the cerebellum is an 
evolutionary innovation of gnathostomes (see above), commonness or dissimilarities 
found in the IsO of chondrichthyans with respect to other vertebrates could explain what 
genetic changes in this organizer are at the base of the evolutionary origin of the 
cerebellum.   
Cerebellar morphogenesis  
The study of cerebellar development in cartilaginous fishes from the time of its 
early specification to the acquisition of mature features- is also essential to assess the 
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degree of evolutionary conservation of cerebellar morphogenesis. In gnathostomes, 
once the location where the cerebellum will be formed becomes determined, two 
thickenings (rhombic lips) of the alar part of the rostral hindbrain grow and fuse in the 
median plane (Fig. 10), to form first the cerebellar plate and then the cerebellar body 
and auricles.  
 
Figure 10. Schematic drawing of the rhombic lips. Taken from Glikstein et al. (2007). 
 
The cerebellar anlage is firstly distinguished by the presence of anatomical 
boundaries as the isthmic fissure (rostral boundary). Then the posterolateral fissure (the 
boundary between the cerebellar body and the cerebellar auricle) appears, followed by 
the primary transverse fissure (the boundary between the rostral and caudal lobes of the 
cerebellar body), as illustrated in Figure 11. These fissures are maintained throughout 
development and they still delimit the main subdivisions of the adult cerebellum (see 
above). Depending on the species, more fissures can also appear in the cerebellar cortex 
(for review, see Nieuwenhuys, 1967).  
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Figure 11. Schematic representation of the cerebellar development in humans. Taken 
from ten Donkelaar et al., 2003. 
 
As development progresses the different cell types become organized by 
multiple migrations from two independent proliferative regions: the ventricular zone, 
which is the source of cells of the deep cerebellar nuclei, Purkinje cells and 
interneurons; and the external granular layer, which is the source of granular cells (for 
review, see Sotelo, 2004). Although the existence of the external granular layer in fishes 
has been questioned (Chaplin et al., 2010), there is evidence of its existence in teleosts 
(Wullimann et al., 2011) and cartilaginous fishes, as previously described by our group 
(Rodríguez-Moldes et al., 2008). In fishes, neurogenesis continues throughout life, as 
has been described in teleosts (Candal et al., 2005; Zupanc et al., 2005; Kaslin et al., 
2009) and cartilaginous fishes (Margotta, 2007; Rodríguez-Moldes et al., 2008). 
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Late in cerebellar development, different territories also appear in the median-
lateral axis of the cerebellar cortex. This process, known as compartmentalization, gives 
rise to a zebra-like pattern with multiple parasagittal bands, which is related to the 
topography of cerebellar afferents (Sillitoe et al., 2010). This zebra-like pattern was 
described in amniota species (for review, see Herrup and Kuemerle, 1997) but, to date, 
there is no evidence of this multiple banding pattern in fishes (Vecino and Ekström, 
1991; Puzdrowski, 1997). 
Recent studies made evident that S. canicula is especially suitable for 
developmental studies about the cerebellum under an evolutionary perspective 
(Rodríguez-Moldes et al., 2008; Chaplin et al., 2010): first, they are at a key 
phylogenetic position to analyse changes that occur at the agnathan-gnathostome 
transition; second, despite its basal position in the gnathostome lineage, the cerebellum 
presents the basic anatomical subdivisions (cerebellar auricles and cerebellar body), 
which eases the understanding of the morphogenetic processes that lead to most 
complex cerebellar organizations as those found in mammals; third, they present a 
protracted development and through life neurogenesis, which allows a detailed study of 
such morphogenetic processes. Despite these advantages, studies about cerebellar 
morphogenesis in elasmobranch fishes are scarcer than in other vertebrate groups. To 
our knowledge, these studies are limited to a few classical reports (for review, see 
Larsell, 1967) and two recent works on neurogenic processes (Rodríguez-Moldes et al., 
2008; Chaplin et al., 2010). 
   
Cerebellar connections: New perspectives in cartilaginous fishes 
Afferent and efferent cerebellar connections appear to be conserved throughout 
evolution (New, 2001). Some studies in adults of different species of cartilaginous 
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fishes (reviewed in Nieuwenhuys, 1967; Northcutt, 1978; Smeets et al., 1983; Schmidt 
and Bodznick, 1987; Fiebig, 1988; Smeets, 1998; Puzdrowski and Gruber, 2009) 
revealed that precerebellar nuclei were comparable to those of mammals (Fig. 12). 
However, developmental studies are lacking, though they are essential for 
understanding the origin and evolution of precerebellar nuclei. The lesser spotted 
dogfish represents an adequate species for studying the development of cerebellar 
connections because its cerebellum is simpler and smother than that of batoids, in which 
cerebellar connections were previously reported; Fiebig, 1988; Puzdrowski and Gruber, 
2009. Understanding the development of these connections in gnathostomes with 
relatively simple cerebellums can provide insight into basic principles of cerebellar 
connectivity.      
 
 
Figure 12. Schematic representation of the cerebellar afferents (a, c) and efferents (b) of 





The origin of precerebellar nuclei: rhombic lip derivatives 
Precerebellar nuclei of the hindbrain emerge mainly from the upper rhombic lips 
and also from caudal or lower rhombic lips. Then,  precursors of different precerebellar 
nuclei reach their final position by several complex migrating pathways (Fig. 13), which 
have been well described in amniota (for review, see Sotelo, 2004; and Sotelo and 
Chedotal, 2005) and bony fishes (Wullimann et al., 2011), but not in basal 
gnathostomes. If similar pathways occur early in gnathostomate evolution warrants 
further research.            
 
Figure 13. Schematic drawings of migrating pathways from rhombic lips. Taken from 
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RATIONALE AND AIMS OF THE THESIS 
The cerebellar development has been widely studied, not only because it is 
crucial for a better understanding of the complex structure of the adult cerebellum and 
the origin of many cerebellar disorders, but also because of its importance in 
evolutionary studies. Indeed, the identification of similarities and differences among 
species throughout development is essential in comparative studies. These studies have 
led to know that, while the cerebellum is the structure of the brain with  highest 
variability as regards gross morphology at maturity, all jawed vertebrates appear to 
present similar developmental processes and a basic (common) cellular network. Thus, 
understanding the simplest morphogenetic processes and resulting structures, may serve 
as an essential framework to understand the most complex developmental outcomes.  
Cartilaginous fishes, which are at the base of the gnathostome lineage, appear 
especially suitable for studying the development of the cerebellum. Since the 
cerebellum is considered an evolutionary innovation that occurred at the agnatha-
gnathostome transition, cartilaginous fishes represent a key phylogenetic group to gain 
insight into the ancestral condition of the formation of the cerebellum. In spite of this, 
only a few studies have been performed dealing with the development of the cerebellum 
in this animal group.  
Among cartilaginous fishes, the lesser spotted dogfish (Scyliorhinus canicula) is 
actually considered as a model species in evolutionary developmental (Evo-Devo) 
studies. This species presents some features that make it particularly suitable for the 
study of the development of the cerebellum and its connections, including the presence 
of a large cerebellum (relative to the total body size) that present a protracted 
development and the basic anatomical subdivisions found in the cerebellum of all other 
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gnathostomes. Therefore, we have used S. canicula as the animal model to study the 
development of the cerebellum and the precerebellar nuclei.  
The aims of the present Thesis are: 
- To know the degree of evolutionary conservation of the gene expression-based 
regionalization of the isthmus (that is involved in the early cerebellar patterning) 
by analyzing the genoarchitecture of the rostral hindbrain at pharyngula stages. 
The comparative analysis of our results with that of other vertebrates could help 
to understand what genetic changes are at the base of the evolutionary origin of 
the cerebellum.  The results are presented in the Chapter 1, entitled: 
Genoarchitecture of the rostral hindbrain of a shark: basis for understanding 
the emergence of the cerebellum at the agnathan-gnathostome transition. 
- To perform a close monitoring of the development of the cerebellum, mainly 
based on the identification of anatomical landmarks, changes of the gross 
anatomy and cerebellar compartmentalization throughout development. These 
results will be framed in discrete developmental periods, which will serve as 
framework not only for future work in this species, but also to search for 
anatomical homologies across vertebrates. The results are presented in the 
Chapter 2, entitled: Origin and development of cerebellum and cerebellum-
related structures in a shark. 
-  To analyze the development and neurochemical signature of the precerebellar 
nuclei. Our results will shed light on the basal pattern of cerebellar connectivity 
and on the degree of evolutionary conservation of this pattern. The results are 
presented in the Chapter 3, entitled: Development of the cerebellar afferent 
system in the shark Scyliorhinus canicula: Insights into the basal organization of 
precerebellar nuclei in gnathostomes.  
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- To search for new experimental approaches that can help to solve some 
challenging questions, as the exact identification of different rhombic lips 
derivatives from early to late developmental stages. Since genetic fate mapping 
has been applied in other fishes to investigate this question, we aimed to be 
acquainted with this technique and explore its possible application in our animal 
model. A short report on the stay in the laboratory of the Professor Reinhard 
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Ferreiro-Galve S. 2011. Regionalization of the shark hindbrain: a survey of an ancestral organization. 
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Two prominent external constrictions divide the early vertebrate brain into three 
main vesicles: hindbrain (or rhombencephalon), midbrain (or mesencephalon), and 
forebrain (or prosencephalon). The isthmic organizer (IsO), located at midbrain-
hindbrain boundary or MHB, is a secondary organizer that controls the formation of 
optic tectum rostrally and the cerebellum caudally (for review, see Martínez, 2001; 
Aroca and Puelles, 2005; Nakamura et al., 2008). A complex network of genes is 
involved in this process. Firstly, the transcription factors Otx2 and Gbx2 determine the 
correct positioning of the isthmic organizer at MHB (Simeone, 2000) and Lmx1b is 
responsible for the initiation and maintenance of Fgf8 expression, which in turn is the 
main signaling molecule of the isthmic organizer (O’Hara et al., 2005; Guo et al, 2007). 
The Iroquois and Engrailed genes are also related to the isthmic territory and involved 
in cerebellum development, since Irx3 and En2 act as repressor and activator, 
respectively, of the appearance of the cerebellum (for review, see Gómez-Skarmeta and 
Modolell, 2002; Hidalgo-Sánchez et al., 2005). These genes have intricate relationships 
between them, activating and/or inhibiting each other (for review, see Liu and Joyner, 
2001), which appear well conserved throughout evolution (Urbach, 2007). As well, 
these genes execute other important functions. In particular, cells expressing En2 
migrated from the neural crest at isthmic levels to participate in the patterning of the 
mandibular arch (Knight et al., 2008).  
37
Although an isthmus organizer-like is present from hemichordates (Pani et al., 
2012), the cerebellum is an evolutionary innovation of gnathostomes or jawed 
vertebrates, concurrently with the jaw and, consequently with predation in vertebrates. 
Because cartilaginous fishes present the most primitive features of gnathostomes, they 
are closer to the ancestral condition of jawed vertebrates, and may shed light on the 
emergence of the cerebellum at the agnathan-gnathostome transition. However, the 
knowledge about the isthmic territory mainly comes from studies in mammals (for 
review, see Joyner et al., 2000), birds (Hidalgo-Sánchez et al., 2005), amphibians 
(Glavic et al., 2002) and teleost fishes (Jászai et al., 2003). In basal gnathostomes as 
cartilaginous fish, circumstantial information about this territory, so closely related to 
the cerebellum emergence, comes from developmental studies about fin and mesoderm 
in the shark Scyliorhinus, in which the expression of isthmus-related genes as En-1 and 
En-2 is shown (Tanaka et al., 2002; Adachi et al. 2012).  
The genoarchitecture corresponds to the description of neural structure in terms 
of discrete gene expression patterns (for review, see Puelles and Ferrán, 2009). Because 
understanding the phylogenetic and ontogenetic aspects of the genoarchitecture of the 
rostral hindbrain and, in particular of this organizer, are fundamental to advance our 
knowledge on the cerebellum emergence, we have analyzed the genoarchitecture of the 
rostral hindbrain of the shark Scyliorhinus canicula or lesser spotted dogfish by 
studying the expression pattern of the ScOtx2, ScGbx2, ScFgf8, ScLmx1b, ScIrx1, 
ScIrx3 and ScEn2 genes and the distribution of Pax6 protein at pharyngula stages. To 
analyze the degree of evolutionary conservation of the gene expression patterns found in 
this basal vertebrate, a comparative study was also performed. The similarities with 
more complex organisms will show the degree of conservation of the gene expression 
patterns in the isthmic territory and will allow the establishment of subdivisions of the 
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rostral hindbrain in shark during early patterning of the cerebellum. On the other hand, 
dissimilarities with respect to simpler organisms (agnatha and invertebrates) could 
correspond with potential causes of the cerebellar evolutionary innovation in basal 
gnathostomes. 
  
MATERIAL AND METHODS 
Experimental animals and tissue preparation 
Embryos of the lesser spotted dogfish (Scyliorhinus canicula) were supplied by 
the Marine Biological Model Supply Service of the CNRS UPMC Roscoff Biological 
Station (France) and the Estación de Bioloxía Mariña da Graña (Galicia, Spain). 
Additional embryos and juveniles were kindly provided by the Aquaria of Gijón, O 
Grove and A Coruña (Spain). A total of 20 embryos at early (stages 19-20) and late 
(stages 24-25) pharyngula stages were analyzed. Embryos were staged on the basis of 
their external features according to Ballard et al. (1993). Adequate measures were taken 
to minimize animal pain or discomfort. All procedures conformed to the guidelines 
established by the European Communities Council Directive of 22 September 2010 
(2010/63/UE) and by the Spanish Royal Decree 53/2013 for animal experimentation, 
and were approved by the Ethics Committee of the University of Santiago de 
Compostela. 
Specimens were anaesthetized with 0.5% tricaine methane sulphonate (MS-222; 
Sigma) in seawater. Embryos were fixed by immersion in phosphate buffered 4% 
paraformaldehyde. Then, the fixative was removed with saline phosphate buffer. Some 
embryos were cryoprotected with 30% sucrose in phosphate buffer, embedded in NEG 
50TM (Thermo Scientific, Kalamazoo, MI), frozen with liquid nitrogen-cooled 
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isopentane and cut on a cryostat. Parallel series of transverse and sagittal sections (18-
20µm thick) were mounted on Superfrost Plus slides (Menzel-Glässer®, Madison, WI).  
In situ hybridization on whole mount embryos and on sections 
We applied in situ hybridization for ScFgf8 (Compagnucci et al., 2013), ScEn2, 
ScGbx2, ScIrx1, ScIrx3, ScLmx1b, and ScOtx2 (Germot et al., 2001; Plouhinec et al., 
2005) genes. These probes were selected from a collection of S. canicula embryonic 
cDNA library (mixed stages, S9 to 22), submitted to high throughput EST sequencing 
(coord. Dr. Sylvie Mazan at the Station Biologique de Roscoff, France). cDNA 
fragments, kindly provided by Dr. Mazan, were cloned in pSPORT vectors. Sense and 
antisense digoxigenin-UTP-labeled and fluorescein-UTP-labeled probes were 
synthesized directly by in vitro transcription using as templates linearized recombinant 
plasmid DNA (Otx2 probe) or cDNA fragments prepared by PCR amplification of the 
recombinant plasmids (ScFgf8, ScEn2, ScGbx2, ScIrx1, ScIrx3 and ScLmx1b probes).  
In situ hybridization in whole mount and on cryostat sections was carried out 
following standard protocols (Coolen et al., 2007). Briefly, sections were permeabilized 
with proteinase K, hybridized with sense or antisense probes overnight at 65ºC (in 
sections) or 70ºC (whole mount) and incubated with the alkaline phosphatase-coupled 
anti-digoxigenin and anti-fluorescein antibody (1:2000, Roche Applied Science, 
Manheim, Germany) overnigh at 4ºC. The color reaction was performed in the presence 
of BM-Purple and FastRed tablets (Roche). Control sense probes did not produce any 
detectable signal.  
Immunohistochemistry 
Combination of in situ hybridization on sections with immunohistochemistry for 
the rabbit polyclonal anti-Pax6 (Covance) was also carried out at stages 24 and 25 
following standard protocols (for details see Rodríguez-Moldes et al., 2011). Details 
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about the specificity of antibody in Scyliorhinus canicula were previously proved by 
preadsorption with the respective blocking peptide (see Ferreiro-Galve et al., 2012).  
Imaging 
In toto embryos were analyzed in the Olympus SZX12 stereo microscope fitted 
with an Olympus DP12 color digital camera. Photomicrographs were taken with an 
Olympus DP70 color digital camera fitted to a Provis photomicroscope equipped for 
fluorescence with appropriate filter combinations. For presentation, some color 
photomicrographs were converted to gray scale, and brightness and contrast adjusted 
using Adobe Photoshop 7.0. Plate photomontage, schemes and lettering were made with 
Corel Draw X6 and Adobe Photoshop 7.0. 
 
RESULTS 
We have studied the genoarchitectonic aspects at midbrain-hindbrain boundary 
(MHB) and the most rostral hindbrain during the early regionalization of the cerebellum 
in the lesser-spotted dogfish. We have focused the study on early and late pharyngula 
stages (stages 19/20 and 24/25, respectively) because they correspond to the period just 
before the cerebellar primordium appearance (stages 19/20) and the period when the 
rhombic lips become evident (stages 24/25), as showed in the further study about the 
cerebellum morphogenesis (see Chapter 2). In addition, equivalences between these 
developmental stages and those of other vertebrates are based on similarities in the 
reported gene expression patterns and external morphological features. Here we present 
the expression pattern of the ScOtx2, ScGbx2, ScFgf8, ScLmx1b, ScIrx1, ScIrx3 and 
ScEn2 genes in the rostral hindbrain and caudal midbrain.  
The in situ hybridization results obtained from whole mount and cryostat 
sections, did not yield significant differences between  early (stages19/20) and late 
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(stages 24/25) pharyngula stages as regards the expression of most of the genes studied 
here in the rostral hindbrain (Figs.1 and 2).  
Expression pattern of isthmus related genes in whole mount embryos 
At stages 20 and 24 ScOtx2 and ScGbx2 positive domains appeared to be 
complementary. Strong Otx2 expression was found in the forebrain and midbrain (Fig. 
1A,B), while Gbx2 was expressed in the hindbrain (Fig. 1C,D) and thus delimited the 
boundary between midbrain and hindbrain (MHB; black arrows in Fig. 1). Caudal to the 
line where ScOtx2 and ScGbx2 abutted, a conspicuous band of ScFgf8 expression was 
observed at stages 20 and 24 (Fig. 1E,F), similarly to that reported by Compagnucci et 
al. (2013). At early pharyngula, ScLmx1b gene was also expressed in a band of cells in 
the caudal midbrain, which apparently abutted with that expressing Fgf8, though it is 
also extended marginally in rostral (up to the forebrain) and caudal (along the 
hindbrain) domains (Fig. 1G). In late pharyngula, the ScLmx1b positive band at MHB 
appeared thinner and partially overlaid the ScFgf8 band (white arrows in Fig. 1F,H).   
The gene ScIrx1 was expressed rostrally to the MHB. At stages 20 and 24, the 
caudal limit of the positive domain roughly coincided with that of ScOtx2, while it 
extended rostrally up to the caudal forebrain (Fig. 1I,J). The expression pattern of 
ScIrx3, showed a conspicuous negative gap at MHB and two positive domains, one 
caudal along the hindbrain, and other rostral, which extended up to the caudal forebrain 
at stage 20 and more rostrally at stage 24 (Fig. 1K,L). Furthermore, at stage 24 the 
expression in the midbrain tegmentum decreased and consequently the negative gap 
appeared enlarged at this level (outlined arrows in Fig. 1K,L). 
ScEn2 is highly expressed in the MHB and its expression decreased gradually 
both rostrally and caudally (Fig. 1M-O). The caudal limit of the domain appeared to 
coincide with the area of the upper rhombic lip located rostrally to the lateral recess, 
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while the rostral edge roughly coincided with the rostral limit of the mesencephalic 
tegmentum (Fig. 1O).  
 
Boundaries among the expression domains of isthmus related genes 
To better discern the degree of overlapping among the expression domains of 
these genes at MHB, we performed single and double labeling on sections. Comparison 
of the expression patterns of ScGbx2 and ScOtx2 allowed us to see that they do not 
overlap but just abut at MHB (compare midsagittal section in Fig. 2A,B), although a 
few cells expressing both ScOtx2 and ScGbx2 genes were observed in the 
neuroepithelium (not shown). Likewise, ScOtx2 domain abutted with ScFgf8 domain at 
MHB (Figs. 2C,D), except for a tiny overlapping consisting of a few weakly labeled 
cells in the neuroepithelium (insets in Fig. 2C,D) and a conspicuous negative gap at 
parasagittal level (asterisk in Fig. 2E,F). Interestingly, the sequential analysis of sagittal 
sections from medial to lateral levels revealed that in some sections the isthmic or 
meso-rhombencephalic fissure and isthmic fovea were located within the ScOtx2 
positive domain and rostrally to the ScFgf8 positive area (Fig. 1A-F,L).  
The ScGbx2 and ScIrx1 domains were also abutting at MHB (Fig. 2G,H). The 
ScLmx1b and ScFgf8 domains abutted at parasagittal levels (Fig. 2I), except for a thin 
marginal area of expression that extended caudally. However, at midsagittal levels 
ScLmx1b extended rostro-caudally, clearly overlaying the ScFgf8 domain (Fig. 2J). The 
ScFgf8-ScIrx3 combination showed that the rostral limit of the ScIrx3 domain in the 
hindbrain roughly coincided with the caudal edge of ScFgf8 domain (arrowhead in Fig. 
2K) except for the median-alar portion, where both genes overlapped (inset in Fig. 2L). 
On the other hand, the caudal limit of the ScIrx3 domain in the midbrain appeared 
adjacent to the anterior limit of ScEn2 expression (outlined arrows in Fig. 2K,L,M). The 
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ScEn2 gene showed that the limit of expression extended beyond the MHB (Fig. 2L) 
both partially in the midbrain and hindbrain. Comparing to Pax6, at stage 24 the Pax6 
protein appeared only extended up to the r1-r2 boundary and not abutting with ScEn2 
(compare Fig. 2M,N). Shortly after, at stage 25 the Pax6 protein appeared rostrally 
extended and roughly abutted (as a meeting of gradients of expression) at the half of r1 
with the caudal limit of ScEn2 positive domain (Fig. 2O,P). Ventrally at parasagittal 
levels, the ScEn2-Pax6 boundary appeared to coincide with the caudal edge of the 
ScFgf8 positive area, and not at the half of r1 (compare Fig. 2I,M,O,P).    
 
DISCUSSION 
General considerations on the regionalization of the midbrain-hindbrain boundary 
There are several models for defining the regionalization around midbrain-
hindbrain boundary or MHB. Terminology referring to what is considered isthmic 
organizer is quite diverse: it has been either defined as the area comprising the most 
caudal and rostral portions of the midbrain and hindbrain respectively (Matsunaga et al., 
2002; Hidalgo-Sánchez et al., 2005; O’Hara et al., 2005), or as the most rostral area of 
the hindbrain (Aroca and Puelles, 2005). This controversy arises because these authors 
have found genes with organizer activity both in midbrain (as Engrailed) and hindbrain 
(as Fgf8). Although our results cannot ascertain these hypothesis, we consider the 
isthmic organizer as the territory expressing ScFgf8.  
The subdivision of the rostral hindbrain is also in open debate and there is no 
agreement about whether the isthmic organizer is included in the rhombomere 1 or r1 
(Zervas et al., 2004) or should be considered separately as rhombomere 0 or r0 (Moens 
and Prince, 2002; Aroca and Puelles, 2005). Of note, the latter does not obey all the 
features of a true rhombomere, such as morphologically distinguishable limits from r1. 
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Moreover, the existence of some migrated cells from the midbrain has been described 
(Jungbluth et al., 2001), which does not usually occurs across rhombomeres. However, 
our results about a gene expression compartment in the lesser spotted dogfish (see 
below) support the existence of a r0 as in other vertebrates (Aroca and Puelles, 2005). 
There has been also some controversy about the origin of the cerebellum, 
whether it emerges from rostral hindbrain and caudal midbrain (Martínez and Alvarado-
Mallart, 1989; Hallonet et al., 1990; Hallonet and Le Douarin, 1993; Millet et al., 1996) 
or exclusively from the rostral hindbrain (for review, see Sotelo, 2004; and Hidalgo-
Sánchez et al., 2005). In fact, whether a dual neuromeric origin of the cerebellum exists 
or not, cannot be completely ascertained because of the existence of an early transient 
intercompartmental cell mixing (Zervas et al., 2004). However, a reminiscent 
intermingle of cells also occurs between other rhombomeres (for review, see Zervas et 
al., 2004). On the basis of present results, and although the cerebellar primordium 
appeared located exclusively in the area of genes with hindbrain positive domains (as 
ScGbx2 gene), we cannot determine whether the origin of the cerebellum is exclusive 
from the hindbrain or some contribution occurs from the midbrain.   
 
Genoarchitecture of the MHB in S. canicula. Comparison to other gnathostomes 
The striking morphological resemblance between early embryos of the lesser 
spotted dogfish (stages 19/20 and 24/25), and those of chick (HH10/14-15 and 
HH19/20) and mouse (E8,5 and 9,5/10,5), which roughly coincide with the counterpart 
stages proposed by Rodríguez-Moldes et al. (2011), greatly facilitates the comparative 
study at these stages. Comparative study to other anamniota, as bony fishes and 
amphibian was also carried out. In general, we observed that the expression pattern of 
the isthmus related genes in the lesser spotted dogfish is quite similar to that of other 
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gnathostomes (see below), as those of mouse published by the Allen Brain Institute 
(Allen Brain Atlas data portal, http://.brain-map.org). Moreover, double combinations 
of in situ hybridization for the respective S. canicula genes also showed similar 
boundaries among them, and therefore, almost the same expression patterns of isthmus 
related genes (see below).    
The reliability of the ScOtx2 probe has been previously demonstrated in S. 
canicula in studies on the ear and eye development (Mazan et al, 2000; Plouhinec et al, 
2005). Additionally, the present results show that the caudal limit of the brain ScOtx2 
positive domain in forebrain and midbrain coincides just at MHB, as in other 
gnathostomes [xenopus (Glavic et al., 2002), zebrafish (Jászai et al., 2003), chick 
(Hidalgo-Sánchez et al., 2005) and mouse (for review, see Joyner and Millet, 2000)]. 
Although the expression of ScGbx2 was not previously described in S. canicula, its 
positive domain in the hindbrain, abutting with ScOtx2 domain, matches with that 
described in other jawed vertebrates [xenopus (Glavic et al., 2002), zebrafish (Kikuta et 
al., 2003; Rhinn et al., 2003), chick (Hidalgo-Sánchez et al., 2005) and mouse (for 
review, see Joyner and Millet, 2000)], although in xenopus and zebrafish Gbx2 
expression is excluded from the posteriormost portion of the embryo (for review 
Hidalgo-Sánchez et al., 2005). The similarities we observed in S. canicula with respect 
to other gnathostomes allow identifying the location of the MHB in this species (see 
Fig. 3).     
 The Fgf8 positive band observed at pharyngula stages (present results; 
Compagnucci et al., 2013) and even later (Compagnucci et al., 2013), corresponds to 
the rhombomere 0 as described Aroca and Puelles (2005). In addition, the interface 
abutting Fgf8 and Otx2 observed in present results matches well with what was 
described in other gnathostomes [xenopus (Glavic et al., 2002), zebrafish (Inoue et al., 
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2008), chick (Hidalgo-Sánchez et al., 2005) and mouse (for review, see Joyner and 
Millet, 2000)]. Additional similarities were observed, as the overlapping of a few 
ScFgf8 positive cells in the Otx2 positive domain (present results) which has been 
previously described in chick (Hidalgo-Sánchez et al., 2005). Furthermore, the negative 
gap between ScFgf8 and ScOtx2 could correspond to that observed in mouse (see Fig. 2 
in Sotelo, 2004), and transiently in the midbrain of chick (Millet et al, 1996). This 
negative gap may be involved in morphogenetic movements for the completion of the 
isthmic constriction, as it has been suggested in chick (Millet et al., 1996; Adams et al., 
2000). However, other possibilities cannot ruled out, i.e., it could be an area for free cell 
intermixing between midbrain and hindbrain (Zervas et al., 2004), or it could be related 
with the small triangular mass described by Alvarado-Mallard as a part of the 
mesencephalon giving rise to cerebellum (for review, see Sotelo, 2004).  
Some differences were also observed, as the location of the isthmic constriction 
that in S. canicula is located partially within the ScOtx2 positive area early on 
development (present results), differently from that occurring in chick and mouse, 
where it is found caudal to the Otx2 domain (Millet et al., 1996).   
 The expression pattern of ScLmx1b also appears similar to its ortholog in 
zebrafish (O’Hara et al., 2005; Cheng et al., 2007), xenopus (Haldin et al., 2003), chick 
(Adams et al., 2000) and mouse (Mishima et al., 2009; Liu et al., 2010). Furthermore, in 
chick and mouse, the Lmx1b positive domain temporarily covers the MHB and 
progressively becomes restricted to the caudal midbrain, (Adams et al., 2000; Guo et al., 
2007; Mishima et al., 2009). A decrease of expression of Lmx1b from early to late 
pharyngula stages was also observed in S. canicula (present results).  
The expression of Iroquois genes roughly coincides with that reported in other 
gnathostomes. On one hand, the Irx3 gene shows two domains (rostral and caudally to 
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the MHB respectively) and, as in the lesser spotted dogfish (present results), a negative 
gap in the isthmic area was found in chick (Fig. 2 in Kobayashi et al., 2002), mouse 
(Bosse et al., 1997; Cohen et al., 2000), and zebrafish (Tan et al., 1999). In xenopus, 
Xiro3 was expressed in the MHB at early stages, but its expression becomes reduced in 
this area later in development (Bellefroid et al., 1998; Rodríguez-Seguel et al., 2009). 
On the other hand, the rostral domain of expression of ScIrx1 appears similar to that of 
other gnathostomes. However, a caudal expression domain was also described in mouse 
and zebrafish (Cohen et al., 2000; Cheng et al., 2001, 2007), differently from that we 
observed in the lesser spotted dogfish. Nevertheless, in most of jawed vertebrates this 
gene is not expressed at MHB (Cohen et al., 2000; Cheng et al., 2001, 2007; present 
results), except in xenopus, (Glavic et al., 2002).  
 The great similarity of the expression pattern of isthmus related genes in the 
lesser spotted dogfish to those of other gnathostomes allowed us to identify the MHB 
and rhombomere 0, which correspond to the ScFgf8/ScGbx2/ScEn2-positive and ScIrx3-
negative domain, just caudal to the midbrain ScIrx1/ScOtx2/ScLmx1b-positive domain 
(see Fig. 3).   
 
Regionalization of the upper rhombic lip 
The expression pattern of the gene En2 was previously described around the 
MHB in Scyliorhinus torazame, a close related shark species to S. canicula, (Adachi et 
al., 2012). The expression pattern appears to be the same as we observed in the lesser 
spotted dogfish (present results), as well as in other jawed vertebrates [xenopus (Koenig 
et al., 2010), zebrafish (Lekven et al., 2003), chick (Hidalgo-Sánchez et al., 2005) and 
mouse (Liu et al., 1999)]. The expression pattern of a close related gene (En1) was also 
previously described in S. canicula (Tanaka et al., 2002), whose positive domain at 
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MHB appears very similar to that of ScEn2 (present results). Regarding to the 
distribution of Pax6 protein in the lesser spotted dogfish, it appeared slightly delayed 
with respect to the expression of the ScPax6 gene, as it was described in r1 (Derobert et 
al., 2002; Ferreiro-Galve, 2010) at earlier stages than the Pax6 protein (present results). 
Similarly, a delay of Pax6 expression in r1 was described in mouse, in which the Pax6 
was firstly observed up to the r1-r2 boundary and progressively appeared in r1 
(Takahashi and Osumi, 2011).   
The anterior limit of Pax6 roughly abutted with the posterior limit of ScEn2 
positive domain at the half of the rhombomere 1. This result allows the recognition of 
rostral and caudal regions in this rhombomere (Fig. 3). However, ventrally at 
parasagittal levels, the boundary abutting ScEn2-Pax6 roughly coincides with the caudal 
edge of rhombomere 0 (Fig. 3), as we previously described (Rodríguez-Moldes et al., 
2011). In zebrafish En2 also appears roughly abutting with Pax6 (Scholp et al., 2003). 
Furthermore, the GAD-DCX cells previously described at the most rostral part of r1 or 
r0-r1 boundary (Rodríguez-Moldes et al., 2011), which may correspond to migrating 
neuroblasts from the upper rhombic lip or r1 (see Chapter 3), appear to abut with the 
caudal edge of ScFgf8 expression domain and to overlap with the ScEn2 positive 
domain in the rostral half of the r1 (present results). A subdivision of r1 into two halves, 
as proposed in S. canicula (present results), was also established in mammals (Aroca 
and Puelles, 2005; Liu et al., 2010; Sato and Joyner, 2009). 
The fact that both r0-r1 and r1a-r1b boundaries are not clearly defined 
morphologically could be due to a delay in the morphogenesis of this rostral hindbrain 
region with respect to more caudal rhombomeres, as previously suggested by Aroca and 
Puelles (2005).  
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Comparison to invertebrates and agnatha 
As the cerebellum is an evolutionary innovation of gnathostomes, the 
dissimilarities with respect to simpler organisms could explain why the isthmic 
organizer acquired the ability to induce the formation of the cerebellum for the first time 
in evolution, probably in the ancestor of jawed vertebrates.  
An isthmic organizer-like exists from hemichordates, although it is not located at 
Otx-Gbx boundary and En gene does not overlap with Fgf8 expression domain (Pani et 
al., 2012), which is different from shark (present results) and other vertebrates (see 
above). These genes are also present in basal chordates although their expression 
patterns are not all the same as those observed in vertebrates (for review, see Holland, 
2013). In cephalochordates (amphioxus), an Otx-Gbx boundary is present, but signaling 
molecules as Fgf8 are expanded and not restricted to the area equivalent to MHB 
(Holland, 2005, 2013; Castro et al., 2006; Holland and Short, 2008; Bertrand et al., 
2011) as they seem to have secondarily lost some developmental mechanisms in 
comparison to hemichordates (for review, see Pani et al., 2012). The expression patterns 
of isthmus related genes in urochordates, as ascidia (Ikuta and Saiga, 2007) also showed 
dissimilarities from what was observed in shark (present results) and other vertebrates 
(for review, see Castro et al., 2006), such as the loss of the Gbx gene and therefore, the 
absence of a homologous MHB (Wada et al., 2003; Ikuta and Saiga, 2007). Therefore, 
as Pani et al. (2012) suggested, at least a partial IsO-like signaling center pre-dates 
vertebrates.   
Comparing to agnatha (basal vertebrates), the expression pattern of an array of 
genes related to the MHB matches well with those of other vertebrates (for review, see 
Kuratani et al., 2002) and lesser spotted dogfish (present results). For instance, the 
caudal limit of Otx expression in lamprey, coincides at the caudal edge of the midbrain 
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(Tomsa and Langeland, 1999; Murakami et al., 2001; Suda et al., 2009), the Fgf8 was 
restricted to the MHB (Rétaux and Kano, 2010; Sugahara et al., 2011) and the En gene 
was expressed overlaying the MHB (Matsuura et al., 2008; Hammond et al., 2009). 
However, the Gbx gene has not been described in lamprey yet. Nevertheless, 
dissimilarities between agnatha and gnathostomes also exist. The IrxA gene in lamprey, 
ortholog to the Irx1/3 of gnathostomes, does not show a negative gap of expression at 
MHB (Jiménez-Guri and Pujades, 2011), differently from that observed in the lesser 
spotted dogfish (present results). The Irx3 has been described as repressor of the 
cerebellum (for review, see Gómez-Skarmeta and Modolell, 2002). In fact, mice 
deficient for the expression of Irx2 (which is involved in the formation of the 
cerebellum), did not present the negative gap of Irx3 expression at MHB (Lebel et al., 
2003). Besides, ziro3 in zebrafish appears expressed in the MHB only after the 
formation of the cerebellum (Tan et al., 1999). Therefore, it cannot be ruled out the 
possibility that the induction of the cerebellum must be directly or indirectly related to 
the appearance of new Iroquois isoforms due to genetic duplication in gnathostomes 
(Kerner et al., 2009) and to the down-regulation of Irx3 at MHB. In addition to the 
genetic duplications that occur in agnatha-gnathostomate transition (Kerner et al., 
2009), our results also support some hypothesis previously proposed for explaining the 
cerebellar innovation in gnathostomes, such as the absence of Pax6 expression in the 
rhombic lip in lamprey, different from that occurs in gnathostomes (for review, see 
Kuratani et al., 2002). In the lesser spotted dogfish, like in other gnathostomes, Pax6 is 
expressed in the rhombic lip and cerebellum (Rodríguez-Moldes et al., 2008, 2011).   
To activate the pathways involved in the formation of the cerebellum, it is 
necessary that some genes reach a high threshold of expression and be expressed long 
enough, such as in the case of Fgf8 (Sato and Nakamura, 2004; Sato and Joyner, 2009) 
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or Gbx2 (Waters and Lewandoski, 2006). Therefore, though the expression patterns of 
isthmus related genes appear very similar in agnatha and gnathostomes, it could be 
possible that the level of expression of the respective genes in lamprey would not be 
high enough.  
Therefore, the emergence of the cerebellum for the first time in the ancestor of 
gnathostomes might have been a very gradual process from simpler organisms. So, 
although mostly of isthmus related genes expression patterns coincide between jawless 
and jawed vertebrates, small differences in the agnatha-gnathostomate transition would 
be a key for the evolutionary innovation of the cerebellum.   
 
Evidence of concurrent evolutionary innovation of the cerebellum and jaw 
It is widely accepted that both the cerebellum and the jaw are a concurrent 
evolutionary innovation of gnathostomes (for review, see Northcutt, 2002). In fact, the 
appearance of these structures allowed big changes in the evolutionary history of 
vertebrates, as the predation and so the necessity of controlling more complex body 
movements. Nevertheless, whether mechanisms involved in early patterning of both 
structures are also closely related or not, it is not completely understood yet.  
The origin and development of the jaw has been extensively studied. The jaw is 
mostly derived from the first branchial arch (br1) or mandibular arch, whose cells in 
turn correspond to neural crest cells that have migrated from isthmic levels (for review, 
see Logan et al., 1993). Furthermore, in the br1 some isthmus related genes (as Otx2, 
Fgf8 and En2) are also expressed, which are involved in early patterning of the jaw 
(Logan et al., 1993; Matsuo et al., 1995; Abu-Issa et al., 2002; Knight et al., 2008). 
Likewise, in cartilaginous fishes, these genes have been described in relation to the br1 
and jaw development and also in the MHB (Adachi et al., 2012; Compagnucci et al., 
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2013). Therefore, as in the MHB and br1 (mainly derived from neural crest of isthmic 
levels) an array of genes in common is expressed, data about the expression patterns of 
isthmus related genes in S. canicula (present results; Adachi et al., 2012; Compagnucci 
et al., 2013) could indicate a high degree of conservation in a possible close relation of 
genetic networks involved in the early patterning of the cerebellum and jaw.   
 
CONCLUSIONS 
 Similarities observed between the lesser spotted dogfish and other gnathostomes 
show the high degree of conservation of the expression patterns of isthmus related genes 
and support the hypothesis that the chondrychthyan pattern reveals the ancestral 
condition of cerebellar formation. Additionally, it allowed the recognition of the 
boundaries between r0-r1 and r1a-r1b in the rostral hindbrain. On the other hand, the 
dissimilarities found with respect to other anamniota species reveal that those features 
were secondarily derived.  
While invertebrates present particular combinations of various isthmus related 
genes at the IsO-like signaling center, only vertebrates present a whole set of isthmus 
related genes with conserved expression patterns. Our results support previously 
proposed hypothesis for explaining the cerebellar origin. Although more 
genoarchitectonic studies in basal gnathostomes and agnatha would be necessary, small 
dissimilarities we observed between them might give a clue to clarify why the isthmic 
organizer acquired the ability to induce the formation of the cerebellum in the ancestor 
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Figure 1. Panoramic and details of lateral views of S. canicula embryos at stages 19, 20 
and 24 showing in situ hybridization reactions in whole mounts for: ScOtx2 (A,B), ScGbx2 
(C,D), ScFgf8 (E,F), ScLmx1b (G,H), ScIrx1 (I,J), ScIrx3 (K,L) and ScEn2 (M-O) genes in the 
rostral hindbrain and adjacent brain areas. Black arrows (in A-L,O) indicate the midbrain-
hindbrain boundary. White arrows (in F,H) indicate possible overlapping of Fgf8 and Lmx1b 
positive domains. Outlined arrows in K,L,M indicate the mesencephalic tegmentum. Note that 
for any marker, the signal at stage 20 is higher than at stage 24. br1-3, branchial archs 1-3; Mes, 
mesencephalon; MHB, midbrain-hindbrain boundary; Pros, prosencephalon; Rh, 
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Figure 2.  Midsagittal (A-D,J,L) and parasagittal (E-I,K,M-P) sections of S. canicula 
embryos at 24 (G-N) and 25 (A-F,O,P) stages hybridized for the indicated gene markers (upper 
left). Black arrows indicate the midbrain-hindbrain boundary. A-F. Details of ScGbx2, ScOtx2 
and ScFgf8 positive domains. Insets in C and D show a few cells expressing both ScFgf8 and 
ScOtx2 genes. The FastRed labeling was (accidentally) removed after secondarily revealed the 
Otx2 with BM-Purple (in B,C and F). Asterisk (in E,F) indicates a negative gap for the 
expression of ScFgf8 and ScOtx2. G-M. Details (G-I,K,M) and panoramic views (J,L) of double 
(G-L) or single (M) labeling of ScGbx2-ScIrx1 (G,H), ScFgf8-ScLmx1b (I,J), ScFgf8-ScIrx3 
(K,L), and ScEn2 (M) genes. Insets in J and L show overlapping domains of expression. 
Arrowhead (in K) indicates the interface abutting ScFgf8 and ScIrx3 positive domains. Outlined 
arrows (in K,L,M) indicate the interface roughly abutting ScIrx3 and ScEn2 positive domains. 
N-P. Single labeling of the Pax6 protein (N) and double labeling of the expression of the ScEn2 
gene and Pax6 protein (O,P). Cbp, cerebellar plate; Isfo, isthmic fovea; IVv, fourth ventricle; 
Mes, mesencephalon; MHB, midbrain-hindbrain boundary; mrf, meso-rhombencephalic fissure 
; OT, optic tectum; Pros, prosencephalon; r1-4, rhombomeres 1-4; Rh, rhombencephalon; RL, 





















 Figure 3. Schematic drawings of sagittal (A,C) and dorsal (B,D) views of S. canicula 
embryos at stages 24/25 showing the expression pattern of the ScOtx2, ScGbx2, ScFgf8, 
ScLmx1b, ScIrx1, ScIrx3 and ScEn2 genes. The diagram in E summarizes the distribution of 
domains of expression in S. canicula at midbrain, midbrain-hindbrain boundary, and rostral 
hindbrain. Bars indicate roughly the extension of the expression domains. Thin line in Lmx1b 
and Irx3 indicate the rostro-caudal extension of the expression pattern in the marginal zone. 
Anterior levels correspond the right side. br1-3, branchial archs 1-3; IVv, fourth ventricle; LRL, 
lower rhombic lip; Mes, mesencephalon; MHB, midbrain-hindbrain boundary; ot, otic vesicle; 
OT, optic tectum; Pros, prosencephalon; r1-4, rhombomeres 1-4; Rh, rhombencephalon; URL, 






























ORIGIN AND DEVELOPMENT OF CEREBELLUM  






































Origin and development of the cerebellum and cerebellum-related 
structures in a shark 
 
INTRODUCTION 
The cerebellum is a brain structure shared by all gnathostomes or jawed 
vertebrates. During the anterior-posterior patterning, the alar walls of the metencephalon 
grow up giving rise to the rhombic lips, which join at the midline to originate the 
cerebellar anlage. In jawless vertebrates (agnatha), a cerebellar anlage is present but 
whether it corresponds to a true cerebellum has largely been a matter of debate (for 
review, see Larsell, 1947; Nieuwenhuys, 1967; Schnitzlein and Faucette, 1969; Butler 
and Hodos, 2005; Murakami and Watanabe, 2009). The gnathostome-like cerebellum 
and cerebellar related nuclei are currently thought to have emerged in the gnathostome 
lineage because agnathans lack the cell types that define the cerebellum, i.e., they lack 
Purkinje cells (Lannoo and Hawkes, 1997) and granule cells (for review, see Kuratani et 
al., 2002). Similarities among different vertebrates are observed at early stages and, as 
development proceeds, many differences arise due to phylogenetic divergence. 
Paradoxically, this makes the cerebellum extremely variable in size and shape despite 
its highly conserved basic structure through evolution. In fact, existing cerebellar 
morphologies are countless (Nieuwenhuys, 1967; Butler and Hodos, 2005). However, a 
great harmony and preservation leads all through phylogeny both at macroscopic (main 
cerebellar subdivisions) and microscopic (citoarchitectonic) levels. The basic 
macroscopic division in all gnathostomes consists on auricles (or floculonodular lobe) 
and cerebellar body, which are separated by the posterolateral fissure. Though, some 
groups present special structures, as the lateral hemispheres (conspicuous in mammals 
and weak in birds) and the cerebellar valvula, present in bony fishes (for review, see 
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Nieuwhenhuys, 1967; Sarnat and Netsky, 1981; Butler and Hodos, 2005; Voogd and 
Glickstein, 1998). At microscopic level, the somas of the cerebellar cells are organized 
in the cerebellar cortex. All vertebrates share the same main cell types distributed in 
molecular, Purkinje and granular cell layers, although some groups of vertebrates 
present peculiar cell types in the cerebellar cortex, and the relative location of these 
layers can vary among different groups of vertebrates (for review, see Sarnat and 
Netsky, 1981; Álvarez-Otero and Anadón, 1992; Álvarez-Otero et al., 1995; Hibi and 
Shimizu, 2011). A similar histology to that of the cerebellar cortex is also present in 
other structures known as cerebellar-like structures that share a common genetic-
developmental program (Montgomery et al., 2012) and mainly include parts of the 
octavolateral and electrosensory systems. It has been suggested that cerebellum-like 
structures were the evolutionary antecedent of the cerebellum and that the cerebellum 
arose through a change in this genetic-developmental program (Montgomery et al., 
2012). Therefore, there is no complete agreement on whether the cerebellum itself is a 
cerebellar-like structure or should be considered separately (Devor, 2000; Bell, 2002; 
Montgomery et al., 2012). What is well known is that the development of these areas is 
closely related, because both cerebellar body and other cerebellar-like structures emerge 
from the somatosensorial area of the hindbrain (Bell, 2002). 
The study of cerebellar development is essential, not only for understanding its 
complex framework or the origin of certain diseases (Utsunomiya et al., 1998; ten 
Donkelaar et al., 2003), but also for evolutionary studies, since the identification of 
similarities and differences among species throughout development is critical in 
comparative studies. Cerebellar morphogenesis (i.e., the process for getting the mature 
shape of the cerebellum) has been widely studied in mammals (Altman and Bayer, 
1985; Herrup and Kuemerle, 1997; ten Donkelaar et al., 2003; Triulzi et al., 2005; 
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Prayer et al., 2006; Sudarov and Joyner, 2007; Cheng et al., 2010) and there are also 
some studies in other gnathostome groups including fishes (Larsell, 1925, 1934, 1967; 
Pouwels, 1978; Candal et al., 2005). Cartilaginous fishes or chondrichthyans are a key 
group in developmental and evolutionary studies about the cerebellum because they 
represent the earliest vertebrate group with cerebellum. Thus, they could help to explain 
how the cerebellum of the ancestors of jawed vertebrates could be, i.e., they are closer 
to the basic pattern present in the earliest gnathostomes. Besides, the cerebellum of 
cartilaginous fishes, at difference of bony fishes, has not secondarily derived structures 
and for this, it appears more suitable for understanding the most complex cerebellar 
organization through the simplest one.  
 The organization of the cerebellum in chondrichthyans as sharks, skates and 
rays (elasmobranchs) has been fairly detailed in adults (Schaper, 1898; Houser, 1901; 
Ariëns Kappers et al., 1936; Larsell, 1967; Nieuwenhuys, 1967; Nicholson et al., 1969; 
Kuhlenbeck, 1975; Smeets et al., 1983; Álvarez-Otero, 1990; Álvarez-Otero et al., 
1995; Anadón et al., 2009), but developmental studies are very scarce in these 
cartilaginous fishes. Classic developmental studies were mainly focused on the anatomy 
of cerebellum in squalomorph sharks (Sterzi, 1912; Palgrem, 1921; Rüdeberg, 1961; 
Larsell, 1967; Nieuwenhuys, 1967) being especially detailed that performed in Squalus 
by Larsell (1967). Nowadays, the galeomorph Scyliorhinus canicula is considered a 
generalized model in evolutionary developmental (Evo-Devo) studies (Coolen et al., 
2009). Furthermore, recent studies made evident that this species is especially suitable 
for studying any aspects of the cerebellar development (Rodríguez-Moldes et al., 2008; 
Chaplin et al., 2010; see Chapter 3), a value that is also strengthened by a fairly good 
knowledge of the cytoarchitecture, connections and physiology of the cerebellum in this 
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species (Paul and Roberts, 1975; Smeets et al., 1983; Álvarez and Anadón, 1987, 1992; 
Álvarez-Otero et al., 1993, 1995; Anadón et al., 2009).  
The combination of classical anatomical studies with current molecular 
techniques provides excellent complementarity to reach a better understanding of the 
development, as has been illustrated by Puelles and Ferrán (2012), since gene marker 
analysis solve controversies about the source and development of different brain 
regions. Genes Engrailed-2 (En2) and Otx2 are well known by their important roles in 
the cerebellar patterning since early stages (at midbrain-hindbrain boundary (MHB); 
Hidalgo-Sánchez et al., 2005), until late in development (in the intracerebellar 
regionalization; Herrup and Kuemerle, 1997; Frantz et al., 1994). The HoxA2 gene, 
which is the only Hox gene expressed in the rhombomere 2 (r2; Tümpel et al., 2008; 
Alexander et al., 2009), may help in the identification of the accurate origin of the 
auricle (for review, see Wingate and Hatten, 1999; Tümpel et al., 2008), since at present 
it is not clear if it exclusively comes from r1 (Wingate and Hatten, 1999), or also from 
r2 (Marín and Puelles, 1995). Although some anatomical markers, such as the isthmic 
or meso-rhombencephalic fissure, are not always consistent with the limits established 
by gene markers, others match rather well and, in combination with gene expression, 
appear to be reliable landmarks for distinguishing different brain territories during 
development. In fact, the expression of certain genes not only coincides with the 
anatomical landmarks but also directly influences their formation. That is the case of 
En2, which is critical for the formation of the main fissures during the cerebellar 
morphogenesis (Cheng et al., 2010).  
In the present work a detailed analysis of cerebellar development in S. canicula 
was carried out by using both morphological and gene markers. We describe the gross 
anatomy of the cerebellum and related structures as well as the morphological 
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landmarks throughout development and postembryonic stages. Anatomical results were 
compared with the expression pattern of Otx2, En2 and HoxA2 genes, which supported 
particular boundaries within the cerebellum. In order to assess the degree of 
evolutionary conservation of cerebellar morphogenesis, a comparison of our results with 
that previously reported in Squalus and other vertebrates was also performed. 
As cartilaginous fishes were the earliest vertebrate group with cerebellum, the 
identification of territories in these basal gnathostomes on the basis of gene expression 
and anatomical landmarks, together with cross-species comparison, will shed light on 
the ancestral condition of the cerebellum and cerebellar-related structures. 
 
MATERIAL AND METHODS 
Experimental animals and tissue preparation 
Embryos of the lesser spotted dogfish (S. canicula) were supplied by Marine 
Biological Model Supply Service of the CNRS UPMC Roscoff Biological Station 
(France) and the Estación de Bioloxía Mariña da Graña (Galicia, Spain). Additional 
embryos and juveniles were kindly provided by the Aquaria of Gijón, O Grove and A 
Coruña (Spain). A total of 30 embryos were analyzed (which ranged from stage 20 to 
prehatching), and staged on the basis of their external features according to Ballard et al. 
(1993). Additionally, 5 juveniles and 2 adults were studied. Adequate measures were 
taken to minimize animal pain or discomfort. All procedures conformed to the 
guidelines established by the European Communities Council Directive of 22 
September 2010 (2010/63/UE) and by the Spanish Royal Decree 53/2013 for animal 
experimentation, and were approved by the Ethics Committee of the University of 
Santiago de Compostela. 
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Specimens were anaesthetized with 0.5% tricaine methane sulphonate (MS-222; 
Sigma) in seawater. Embryos were fixed by immersion in phosphate buffered 4% 
paraformaldehyde, while prehatching, juveniles and adults were intracardially perfused 
with the same fixative. For in toto analysis of normal material the tissue was preserved 
in saline phosphate buffer, and the brain was excised in some specimens. In the case of 
sections, the fixative was removed with saline phosphate buffer. Then tissue was 
cryoprotected with 30% sucrose in phosphate buffer, embedded in NEG 50TM (Thermo 
Scientific, Kalamazoo, MI), frozen with liquid nitrogen-cooled isopentane and cut on a 
cryostat. Parallel series of transverse and sagittal sections (18-20µm thick) were 
mounted on Superfrost Plus slides (Menzel-Glässer®, Madison, WI). In order to 
facilitate the identification of morphological landmarks, some sections were stained 
with haematoxylin-eosin. Furthermore, sections processed with diverse 
immunohistochemical markers were also used for the analysis of gross anatomy but the 
results for such labeling were not described. 
Immunohistochemistry 
Single fluorescent labeling was performed after incubation with goat polyclonal 
anti-aldolase-C (Aldo-C, Santa Cruz) antibody at stage 34, and double fluorescent 
labeling with the goat polyclonal anti-doublecortin (DCX, Santa Cruz) and rabbit 
polyclonal anti-glial fibrillary acidic protein (GFAP, Dako) antibodies in juveniles. 
Light field labeling was performed after incubation with mouse monoclonal anti-
proliferating cell nuclear antigen (PCNA, Sigma) antibody in adult specimens. Source 
and working dilution of the antibodies is indicated in Table 1. The 
immunohistochemistry was performed by standard procedures as previously described 
(for details see Ferreiro-Galve et al., 2010). Details about the specificity of DCX, GFAP 
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and PCNA antibodies in S. canicula brain have been previously published (Quintana-
Urzainqui et al., 2012; see Chapter 3). 
Western blot 
The specificity of the goat polyclonal Aldo-C antibody was tested by Western 
blot analysis of brain protein extracts of adult lesser spotted dogfish by standard 
procedures (for details about the preparation of brain extracts and blotting procedure, 
see Anadón et al., 2000; Carrera et al., 2012). In this blot, the Aldo-C antibody stained a 
single protein band of about 40 kDa (Fig. 1). As a positive control, staining of other 
antigens was carried out in parallel (see Chapter 3). ProSieve protein standards (Lonza, 
Rockland, ME) were used as molecular weight markers.    
In situ hybridization on sections 
We applied in situ hybridization for ScHoxA2 (Oulion et al., 2010; Rodríguez-
Moldes et al., 2011), ScEn2 and ScOtx2 (Germot et al., 2001; Plouhinec et al., 2005). 
These probes were selected from a collection of S. canicula embryonic cDNA library 
(mixed stages, S9 to S22) submitted to high throughput EST sequencing (coord. S. 
Mazan). Sense and antisense digoxigenin-UTP-labeled probes were synthesized directly 
by in vitro transcription using as templates linearized recombinant DNA plasmids (Otx2 
probe) or cDNA fragments prepared by PCR amplification (ScEn2, ScHoxA2 probes). 
In situ hybridization on cryostat sections was carried out in stages 31, 32 and 
prehatching embryos following standard protocols (Coolen et al., 2007). Briefly, 
sections were permeabilized with proteinase K, hybridized with sense or antisense 
probes overnight at 65ºC and incubated with the alkaline phosphatase-coupled anti-
digoxigenin antibody (1:2000, Roche Applied Science, Manheim, Germany) overnight 
at 4ºC. The color reaction was performed in the presence of BM-Purple (Roche). 
Control sense probes did not produce any detectable signal.  
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Imaging 
Anatomical analysis of normal material (in toto brains) was studied in the 
Olympus SZX12 stereo microscope fitted with an Olympus DP12 color digital camera. 
Photomicrographs were taken with an Olympus DP70 color digital camera fitted to a 
Provis photomicroscope equipped for fluorescence with appropriate filter combinations. 
Double labeled samples were studied with a spectral confocal laser scanning 
microscope (Leica TCS-SP2, Wetzlar, Germany). For presentation, some color 
photomicrographs were converted to gray scale, and brightness and contrast adjusted 
using Adobe Photoshop 7.0. Plate photomontage, schemes and lettering were made with 
Corel Draw X6 and Adobe Photoshop 7.0.  
 
RESULTS 
To define boundaries and development of structures related to cerebellum, we 
basically followed the terminology used by Larsell (1967), Smeets and Nieuwenhuys 
(1976), Smeets et al. (1983), and Carrera et al (2012). Based on the changes observed in 
the gross anatomy of the cerebellum of the lesser spotted dogfish through development, 
we have distinguished three developmental periods that are summarized in Table 2. 
Main changes in the gross anatomy during these periods can be observed in normal 
material from dorsal view (see Fig. 2). Upper and lower rhombic lips were roughly 
discerned one from each other in stage 20 embryos (Fig. 2A).During the first period 
(Fig. 2B-E), the cerebellar plate or anlage of the cerebellum is formed because of the 
fusion of the upper rhombic lips. During the second period (Fig. 2F-H) the cerebellar 
anlage turns into the primordia of cerebellar body and the upper auricle leaf, while the 
lower auricle leaf is formed from the adjacent somatosensorial area. Finally, the third 
developmental period (Fig. 2I) mostly corresponds to maturation and growth of the 
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cerebellar system.  A comprehensive  study was performed on sagittal and transverse 
sections throughout these periods (see below), which allowed us to accurately detail 
when the cerebellar plate turns into the cerebellar body and when the auricles are 
formed, as well as the progressive rostral-to-caudal formation of four bending points 
that will serve as anatomical landmarks. 
 
First period: early developmental period of cerebellum (stages 24-29) 
Very early on development, the dorsal (alar) part of metencephalon (rostral 
hindbrain) had progressively grown up to give rise to the upper or rostral rhombic lips 
(compare Fig. 2A and 2B), which were clearly distinguished in sagittal sections from 
stages 23-24 (Figs. 3A, B, 4A). The meso-rhombencephalic fissure (mrf) or isthmic 
constriction was already visible in these early embryos in the anterior limit of the 
cerebellar primordium, which corresponds to the first point of flexure (number 1 in 
Figs. 3A, 4A). Shortly after, at stage 25, the onset of the fusion of the rhombic lips took 
place at rostral levels (Figs. 2C, 4B), which gave rise to an incipient cerebellar plate. 
Later on, at stage 27, the incipient cerebellar plate extended caudalwards (Figs. 2D, 3C, 
D). Shortly after (stage 28, Fig. 4C, D), the second point of flexure emerged, which 
defines the prospective dorsoventral boundary in the anterior part of the cerebellum 
(number 2 in Fig. 4C).  
At stage 29 (Figs. 2B, 4E, F and 5A-E), the paired cerebellar plates extended 
caudalwards and grew medially so that they increased in size and width (Fig. 2E, 4E), 
although they were still separated by an ependimary raphe (Fig. 5B). The third point of 
flexure, which defined the prospective dorsoventral boundary of the posterior part of the 
cerebellum, started to be distinguished from sagittal view (number 3 in Fig. 4F). 
Additionally, new sulci were distinguished in transverse sections, which were located 
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ventrally to the cerebellar plate. We call X to the sulcus that delimit the cerebellar plate 
and upper rhombic lips at intermediate levels of the cerebellum (Figs. 5B, C), which 
could correspond to the ventral boundary of the prospective cerebellar cortex. We call 
X’ to the sulcus that delimited the upper rhombic lips at caudal levels (Fig. 5D). At 
more caudal levels, the intermediate dorsal sulcus and the sulcus of His were also 
distinguished (Fig. 5E). 
 
Second period: intermediate developmental period of cerebellum 
(stages 30 and 31) 
From stage 30 (Figs. 2F, 6A-E and 7A) the primordium of the cerebellar 
peduncle became progressively noticeable (CPp in Figs. 6C, 7A), due to the appearance 
of the sulcus e. During this stage, the cerebellar plate started to bend, as the first and 
second points of flexure became more conspicuous, which shaped the cerebellar body 
rostrally. Additionally, the fourth point of flexure was observed as a weak groove that 
delimited the boundary between the prospective cerebellar body and upper auricle leaf 
(Fig. 2F). Because it represents the limit between cerebellar body and upper auricle leaf, 
it must correspond to the posterolateral fissure.  
At stage 31 (Figs. 2G, H, 6F-O, 7B-D, 8A-D) the cerebellar plate and the 
primordium of upper auricle leaf were progressively turning into the cerebellar body 
and the upper auricle leaf respectively (compare Figs. 6F-J and 6K-O), in part because 
the posterolateral fissure and the other points of flexure became more noticeable 
(numbers 1-4 in Figs. 7B and 8A, C). At early stage 31 the onset of the bending of 
caudal cerebellar anlage was observed in transverse view as a small elevation (compare 
Fig. 6G and 6H). As well, the upper auricle leaf primordium began to form, being 
visible as a small elevation and thinning in transverse sections (Fig. 6I) or as a bending 
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in sagittal sections (Figs. 7B, 8A, B). Then, at intermediate stage 31, the cerebellar plate 
continued to bend rostral and caudally by the points of flexure to eventually acquire the 
mature-like shape of the cerebellar body and upper auricle leaf. The lower auricle leaf 
was not seen yet, even at lateral level. At the end of this stage, the cerebellum got the 
mature (caudally closed) shape of cerebellar body (Figs. 2H, 6K-N, 7C, 8C, D), and the 
protuberance of the cerebellar peduncle became patent (CP in Fig. 6L). In addition, the 
primordium of the lower auricle leaf emerged, delimited by the sulcus X’ and the 
boundary with the octavolateral area (Fig. 6M-O). The formation of the lower auricle 
leaf appears to be by a process of eversion of the area located rostrally to the 
octavolateral area (growing up in a dorso-caudal direction), as seen in a parasagittal 
view (Figs. 7D, 8D).  
 
Third period: late developmental period of cerebellum (stage 32-adult) 
The completion of the mature shape (similar to that observed in juveniles) was 
already observed at early stage 32 (Figs. 2I, 9A-E, 10A, B). At this stage, a transverse 
fissure was observed in the external part of the cerebellar body at the level of the 
cerebellar peduncle (prf in Figs. 2I, 10A). It corresponds to the primary transverse 
fissure or fissura prima, which divides the cerebellum into the anterior (smaller) and 
posterior (higher) lobes. At early stage 32, the cerebellar cortex became considerably 
thicker with respect to previous stages. The paramedian granular eminences started to 
be distinguished as longitudinal paired prominences (Fig. 9A, B) because of the 
condensation  of granular cells (as described by Rodríguez-Moldes et al., 2008) and the 
upper and lower auricle leaves became patent by the accentuation of the sulcus X’ (Fig. 
9C-E).  
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At late stage 32 the longitudinal fissure that divides the cerebellar body into left 
and right parts became very conspicuous and visible in transverse view as an external 
median sulcus (Fig. 9F-J). Throughout this period, auricles were progressively much 
more noticeable (Figs. 9H-J, 10A, B). The upper auricle leaf (that is a caudal 
prolongation of the cerebellar body; Figs. 10A, B), and the lower auricle leaf (adjacent 
to the octavolateral area; Fig. 10B), clearly joined laterally (Figs. 9C-E,H-J).  
At prehatching stages (stages 33 and 34; Figs. 10C, D and 11A-F), the size of 
the cerebellum was notably increased with respect to previous stages (Fig. 10C, D) and 
the auricles were observed as patent paired lateral protuberances (Fig. 11A, D, E).  
Furthermore, a new small bulge appeared, probably equivalent to the lobus posticus 
described in the developing Squalus by Larsell (1967), which is flanked by the caudal 
cerebellar body and the upper auricle leaf (Lpost in Figs. 10D, 11F).   
In postnatal specimens (Fig. 9K-O, 10E, F, 11G-O), the cerebellar cortex 
became thicker (Figs. 9K-O, 11G-M) and the cerebellar body continued to extend over 
the optic tectum (Figs. 10E, F, 11H, K). In juveniles, the primary transverse fissure 
became more noticeable and other small clefts were also observed at marginal level 
(Figs. 10E, F, 11G, I). To study this fissures more in detail, we performed 
immunohistochemistry with DCX and GFAP, which have been used as markers of 
migrating neuroblasts and radial glia, respectively, and are known to be associated to 
fissuration during cerebellar morphogenesis (Sudarov and Joyner, 2007; Ma et al., 
2012). While in the cortex the GFAP-immunoreactive radial glia appeared organized in 
parallel, in the clef single labelled DCX or GFAP processes appeared in a fan shaped 
bundle (detail in Fig. 11G’).  
In adults, clefts were conspicuous, and the cerebellar body became much more 
extended than in juveniles, both rostral and caudalwards (Fig. 11K). The observation of 
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the roof of the cerebellar body from ventral view (inner surface) showed that the 
granular eminences were smooth in juveniles and with striking folds and sulci in adults 
(compare Fig. 11J and 11L). The two largest folds observed in the adult may correspond 
to the deepest external grooves observed dorsally (compare asterisks in Figs. 11K and 
11L). Immunohistochemistry with a marker of proliferation (proliferating cell nuclear 
antigen; PCNA) revealed proliferating cells all along the  median ventricular zone (a 
proliferating zone previously described in adult cerebellum by Rodríguez-Moldes et al., 
2008), and also within the transversally oriented inner fissures (Fig. 11M). On the other 
hand, the granular eminences of the ventral part of the cerebellar body appeared smooth, 
both in juveniles and adults. The auricles were already rostralward tilted in juveniles 
but, differing from adults, the lower auricle leaf did not appear to be more caudally 
extended than the upper auricle leaf (detail in Fig. 11N). At adulthood, both auricles 
appeared to be bigger and much more curved (Fig. 11O). 
 
Gene expression patterns at intermediate and late cerebellar development 
We studied the expression pattern of some genes (ScEn2, ScHoxA2 and ScOtx2) 
at intermediate developmental stages (i.e., when the biggest changes occur in the 
cerebellum; Figs. 12A-F) and late development (up to completion of the mature shape; 
Fig. 12G-J), with two main objectives: (1) to assess whether cerebellar auricles are 
originated from r1 and/or r2; and (2) to investigate to what extent the boundaries of 
gene expression match with the aforesaid anatomical landmarks. 
The ScHoxA2 gene was previously shown to be expressed in the r2 and to 
delimit the r1-r2 boundary at pharyngula stages (Rodríguez-Moldes et al., 2011). In the 
present work we show that the expression of this gene was maintained later on 
development, at least until stage 32 (Fig. 12A-C, H). This allowed us to identify r2 at 
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the beginning of the third developmental period of the cerebellum. At early stage 31 
(Fig. 12A-C), ScHoxA2 expression was observed in the rhombencephalic tegmentum, 
including that of r2 (identified by the position of the trigeminal nerve root); the anterior 
limit of expression was caudal to the extension of the cerebellum. This expression 
pattern appeared homogeneous in the median-lateral axis (Fig. 12A-C). Interestingly, 
there was no expression of ScHoxa2 in the area identified as the primordium of the 
upper auricle leaf.     
The expression of En2 gene was previously analysed on early development in 
other galeomorph species (Scyliorhinus torazame) and was reported to be expressed 
around the midbrain-hindbrain boundary (Adachi et al., 2012). In S. canicula ScEn2 
showed a similar expression pattern early on development (see Chapter 1) and until 
late in development (Fig. 12D, E, G, I, J). At early stage 31, a strong ScEn2-expression 
was observed in the area adjacent to the posterolateral fissure, which had been identified 
as the upper auricle primordium. As regards the cerebellar plate, the expression of 
ScEn2 was not homogeneus in the rostrocaudal axis (the strongest signal was found in 
the rostral half). However, the level of expression was homogeneous at median and 
lateral levels, with moderate signal along the entire cerebellum (not shown). Other areas 
that also expressed ScEn2 were the caudal portion of the optic tectum, the 
mesencephalic tegmentum and the rostral rhombencephalic tegmentum (Fig. 12D, E).  
ScOtx2, whose expression in the rostral brain was also observed at pharyngula 
stages (Mazan et al., 2000; Plouhinec et al., 2005; see Chapter 1), was also expressed 
later in development (present results). At intermediate stage 31, when the cerebellar 
body and upper auricle leaf became clearly distinguishable (Fig. 12F), ScOtx2 was 
expressed in the upper auricle leaf from median to lateral levels; two positive areas of 
expression were also observed at paramedian levels of the cerebellar body, one that 
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extends through its rostral half and other that extends between the third point of flexure 
and the posterolateral fissure (Fig. 12F).  
Then, at late cerebellar development (stage 32, when the lower auricle leaf was 
also noticeable), the expression of ScEn2 was observed in the upper auricle leaf; in the 
cerebellar body ScEn2-expression was caudally extended though the signal was more 
intense at paramedian levels. At this stage the ScHoxA2 expression appeared in the 
rhombencephalic tegmentum and marginally in the cerebellum, but it was not expressed 
in either upper or lower auricle leaves. As development proceeded, in prehatching 
embryos, the expression of ScEn2 was maintained in the upper auricle leaf, and 
restricted to a single paramedian area in the cerebellar body (Fig. 12I, J). At the same 
stage most of Purkinje cells were positive for the anti-Aldo-C antibody (Fig. 12K), a 
marker of Purkinje cells.   
 
DISCUSSION 
The present results give evidence of the process of cerebellar morphogenesis in a 
species representative of galeomorph sharks, characterized by their elaborated 
(Northcutt, 1977) or Type II brains (which present extensive migration of neuronal cell 
bodies away from the periventricular surface; for review, see Butler and Hodos, 2005), 
similar to those of teleosts and amniotes. Our results in S. canicula, together with that 
obtained earlier by Larsell (1967) in a squalomorph shark (with laminated or Type I 
brains,  which present limited migration of cells away from the periventricular surface; 
see Butler and Hodos, 2005), reveal that the early development of the cerebellum in 
cartilaginous fishes follows a similar pattern in all gnathostomes: it originates from two 
lateral swellings or rhombic lips, which make up paired cerebellar plates that bind in the 
medial region to result in an elongated tube while leaving a small midline ependymal 
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raphe. Later, the impar cerebellar plate enlarges and undergoes a series of folds to give 
rise to the cerebellar body and auricles, which form part of the vestibulolateral system. 
Differences in the mode of growth (evagination, invagination or eversion; for review, 
see Nieuwenhuys, 1967) and in the bending process will cause the huge variability of 
the external cerebellar morphology observed among the different groups of 
gnathostomes (Butler and Hodos, 2005). This wide variability also exists within 
elasmobranchs, whose dissimilarities are believed to be due to evolutionary divergence 
and also to differences in their ecology, adapted behaviors or enhanced cognitive 
capabilities (Yopak et al., 2007; Lisney et al., 2008; Yopak and Montgomery, 2008).  
Therefore, while the origin of the cerebellum from the alar region of the 
hindbrain is very similar in all gnathostomes, the morphology in adults becomes quite 
different. Accordingly, we wondered at what point in the development of the 
cerebellum, main differences with respect to other species arise. We also aimed to know 
if developmental genes that are responsible for the rostral hindbrain patterning and 
involved in cerebellar regionalization in other vertebrates could play the same role in 
basal gnathostomes. 
 
Comparison to other elasmobranch species 
The developmental stages proposed in S. canicula and their counterparts in 
Squalus acanthias (Table 2) were mainly based on changes of the cerebellar 
morphology throughout the embryonic period and postnatally in both shark species 
(present results and Larsell, 1967). Early in cerebellar development, Larsell (1967) 
described a rudimentary cerebellum in 7-8mm-embryos of Squalus, which consisted in 
a thickened area on each side of the midline of the hindbrain roof and immediately 
behind to the isthmic fold; these bilateral halves were connected across the midline by a 
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narrow thinner zone. We consider that these stages would be equivalent to the stages 
23-24 and 25 of S. canicula, when (1) the meso-rhombencephalic fissure and rhombic 
lips became noticeable and (2) the fusion of rhombic lips begins, respectively. 
In addition, we consider that embryos of S. canicula at stages 28-29 might be 
homologous to 22mm-embryos of Squalus, on the basis of the similarities noted in the 
cerebellar shape from sagittal view.   
The emergence of the posterolateral fissure as a faint furrow in S. canicula 
stage-30 embryos (at the beginning of the second developmental period) led us to 
consider embryos of this stage as equivalent to 32mm-embryos of Squalus. 
Furthermore, according to Larsell (1967), the margin of the lateral recess in Squalus 
was observed as a tenial attachment that should demarcate the position of the 
primordium of the upper auricle leaf, which has been also observed in S. canicula at this 
stage. In Squalus the formation of the cerebellar body was next illustrated from the 
dorsal arching of the cerebellar plate that occurs in 32mm embryos to the elongated 
bursa observed in 50mm embryos;  in its turn, the pars medialis (median part of the 
upper auricle leaf) continues almost horizontally caudalward (Larsell, 1967). 
Accordingly, embryos of S. canicula at early stage 31 may be equivalent to 50 mm-
embryos of Squalus. In the cerebellum of Squalus embryos of 60mm, the swelling in the 
pars ventralis (or eminentia ventralis cerebellaris) described by Larsell (1967) could 
correspond to the incipient swelling of the cerebellar peduncle, that in the lesser spotted 
dogfish occurred at intermediate stage 31. Although the resemblance of the cerebellar 
contour is evident, there are some differences between both species at this stage, as the 
auricles of Squalus embryos were ear-like shaped, while in Scyliorhinus this was not 
observed until late S31, coinciding with the onset of the lower auricle leaf formation. 
Later on, in Squalus embryos of 80 mm, the cerebellum was described as the pars 
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medialis submerged beneath a caudal projection of the corpus cerebelli (Larsell, 1967), 
which could correspond to the incipient upper auricle leaf beneath the cerebellar body 
(as a closed structure) observed in S. canicula embryos at late stage 31.  
The description of an expansion of the dorsal part of cerebellar body both 
rostrally and caudally, the reduction of the cerebellar base to a peduncle-like 
constriction and the apparition of the sulcus primus (transverse or primary transverse 
fissure) in advanced Squalus embryos (120mm in length) may correspond to the events 
we described in Scyliorhinus at stage 32. Of note, transverse grooves were not described 
in classical studies in the cerebellum of Scyliorhinus canicula (Nieuwhenhuys, 1967; 
Smeets et al., 1983), probably due to the fact that they are less conspicuous than in other 
species. Postnatally, both in newborns specimens of the lesser spotted dogfish and in 
spiny dogfish pups of 150-170 mm, the auricles were extended dorsalward on either 
side of the cerebellar body. Later on, as the brain elongated, the auricles tilted forward 
their longitudinal axis and became nearly horizontal at adulthood in both species 
(Larsell, 1967; present results). 
In summary, similarities in the cerebellar development were noticeable between 
both species and reveal a high degree of conservation within elasmobranchs. However, 
a few dissimilarities were observed in stages we proposed as equivalent, mainly due to 
some disparity in the time of maturation of the auricles with respect to the cerebellar 
body. These dissimilarities could be at the base of interspecific differences observed in 
adults. 
   
Comparison to other gnathostomes 
The variability of cerebellums in different groups of gnathostomes is enormous. 
In order to carry out a comparative study on cerebellar morphogenesis we will pay 
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attention to particular aspects of the development, as the mode of growth (by 
evagination, invagination or eversion), the presence of the major components of the 
cerebellum, the ontogeny of the main cerebellar fissures (posterolateral and primary 
transverse fissures) and when the completion of the mature shape takes place in the 
different gnathotosmate groups. 
 The growth of the cerebellum by evagination that we observed in S. canicula 
(present results) appears to be the same as that present in other cartilaginous fishes and 
in most gnathostomes studied so far (for review, see Niewenhuys, 1967). However, it 
differs from some reptiles, in which the cerebellum grows by eversion (for review, see 
Niewenhuys, 1967). The morphology of the cerebellar body then changes from flat (as 
in turtle) to folded (as in lungfish), curved (in alligator), reverse curved (lizard), double 
folded (present results in S. canicula) or multifolded (pigeon), as has been extensively 
reviewed by Butler and Hodos (2005).  A peculiar cerebellar structure was found in 
chondrosteans due to the fact that cerebellar anlage folds inward and fuse in the median 
plane (Vázquez et al., 2002). The cerebellar ventricle also varies from wide (as in 
cartilaginous fishes; present results and Butler and Hodos, 2005) to virtually obliterated 
(as in some actinopterygians and sarcopterygians; Nieuwenhuys, 1967; Pouwels, 1978; 
Butler and Hodos, 2005; Candal et al., 2005). 
 Most gnathostomes share the major components of the cerebellum, i.e, the 
cerebellar body and the auricles. Despite this commonness, some additional 
developmental processes may occur as development progresses, which are particular of 
some groups. Such is the case of the cerebellum of ray-finned fishes, the rostral part of 
which grows to give rise to the cerebellar valvula (Nieuwenhuys, 1967; Pouwels, 1978; 
Butler and Hodos, 2005; Candal et al., 2005). Most actinopterygians and 
sarcopterygians develop auricles as lateral projections that appear similar to those of 
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cartilaginous fishes. However, the auricles were absent in teleosts (Nieuwenhuys, 1967; 
Nieuwenhuys et al., 1998; Vázquez et al., 2002), probably due to secondary 
evolutionary divergence.  
 The ontogeny of the fissures also appears roughly well conserved throughout 
evolution. In S. canicula, the meso-rhombencephalic fissure appears first, followed by 
the posterolateral fissure. The same sequence was observed in bony fishes 
(Nieuwenhuys, 1967; Pouwels, 1978; Candal et al., 2005), amphibians and reptiles 
(Larsell, 1934), birds (for review, see Nieuwenhuys, 1967), and mammals (Herrup and 
Kuemerle, 1997; ten Donkelaar et al., 2003; Triulzi et al., 2005; Prayer et al., 2006). Of 
note, in some amphibians (anurans) and reptiles, in opposite way to that observed in 
cartilaginous fishes, the posterolateral fissure is reduced because of the reduction of the 
vestibulocerebellum as development proceeds. This is related to the disappearance of 
lateral line organs (during metamorphosis in amphibians), which are absent in not 
aquatic animals (Larsell, 1934; Nieuwenhuys, 1967; Sarnat and Netsky, 1981). 
In S. canicula the appearance of the posterolateral fissure is followed by that of 
the primary transverse fissure or fissura prima (present results). The same has been 
reported in reptiles (Larsell, 1934), chick (Niewenhuys, 1967), rats and humans  
(Herrup and Kuemerle, 1997; ten Donkelaar et al., 2003; Triulzi et al., 2005; Prayer et 
al., 2006). In chick it has been additionally pointed that the primordium of the 
posterolateral fissure is detected near the attachment of the tela choroidea when the 
cerebellum is made up of two bilateral thickenings unfused at the midline, and then 
temporarily becomes much less apparent  than the fissura prima (Peña-Melián et al., 
1986). In mouse, unlike in S. canicula and other mammals, the fissura prima was 
described before the posterolateral fissure (Sudarov and Joyner, 2007; Cheng et al., 
2010). These discrepancies could be related to misinterpretations in the identification of 
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the posterolateral fissure because of its proximity to the attachment of the choroid 
plexus. 
 Possible equivalences and/or dissimilarities with other vertebrates were also 
analyzed with respect to the completion of the mature shape of the cerebellum at birth. 
In S. canicula the posterolateral fissure appears in late stage 30 embryos, the cerebellar 
body overlays the upper auricle leaf at stage 31 and the cerebellar crest overlays 
octavolateral area in stage 32 embryos (roughly three months before hatching). These 
processes in trout have been described at late embryos, hatching and fry fishes, 
respectively (Candal et al., 2005), which means that the completion of the mature shape 
occurs postnatally. The completion of the mature shape also occurs postnatally in 
sturgeon (chondrostean; for review, see Gómez et al., 2004). On the contrary, in birds 
and mammals it appears that the acquisition of mature shape occurs prenatally (Peña-
Melián et al., 1986; ten Donkelaar et al., 2003), as in S. canicula.   
While the cerebellum begins to differentiate very early on development, it is one 
of the latest brain structures to mature.  Fissuration and foliation have been also utilized 
as indicator of degree of cerebellar maturation. Indeed, in amniotes there is a 
progressive augment of fissuration of second and third order (Peña-Melián et al., 1986), 
which in humans continues for many months after birth (Triulzi et al., 2005; Prayer et 
al., 2006). In the lesser spotted dogfish (present results), a higher folding was observed 
in adults with respect to juveniles, both at outer and inner walls.The outer and inner 
folding observed in the lesser spotted dogfish is consistent with that observed in other 
cartilaginous fishes, but different from birds and mammals, which present only outer 
folding (for review, see Nieuwenhuys, 1967). In S. canicula, the fan shaped bundle of 
glial processes in the base of the small fissures could indicate a possible role of glial 
cells in the fissuration, as in mammals (Ma et al., 2012). However, in mammals, the 
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granule cells of the external granular layer (secondary proliferative matrix) are also 
involved in the formation of fissures. Granule cells, influenced by the signal from 
Purkinje cells, are displaced along the radial glia towards the inner of the cerebellar 
cortex (Sudarov and Joyner, 2007; Cerri et al., 2010). In S. canicula there is not 
marginal proliferation from stage 32 (Rodríguez-Moldes et al., 2011), when the fissura 
prima emerges, which could indicate a slightly difference in the process of cerebellar 
fissuration with respect to mammals.  A possible explanation could also be by tension 
forces along parallel fibers, as previously proposed in mammals (Van Essen, 1997).  
The features of S. canicula cerebellum observed only in adults (folds affecting 
the entire cerebellar cortex, auricles rostrally tilted, and the lower auricle leaf much 
more caudally extended than the upper auricle leaf), could correspond to the continuous 
growth of the cerebellar body and auricles along the lifetime. Indeed, proliferation in the 
cerebellum up to adulthood has been understood as a feature of fishes in general, since it 
was described in the cerebellum of adult elasmobranchs (Margotta, 2007; Rodríguez-
Moldes et al., 2008) and teleosts (Zupanc et al., 2005; Kaslin et al., 2009). 
 
Origin of the auricles: genoarchitectonic evidence 
The expression pattern of the genes studied in the present work was fairly 
consistent with the anatomical landmarks described above and was similar to that 
reported in mammals by the Allen Brain Institute (Allen Brain Atlas data portal, 
http://.brain-map.org).  
To date, there is no agreement about which rhombomere is at the source of the 
auricles, i.e., whether they originate exclusively from r1 (for review, see Wingate and 
Hatten, 1999; see also Edison et al., 2004), at least in part from r1 (Volkman et al., 
2008), or entirely from r2 (Marín and Puelles, 1995). To solve this question, we 
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analysed the expression of the En2 and that of HoxA2 gene, which has been previously 
used as a marker of r2 since its rostral limit of expression coincides with the r1/r2 
boundary (Tümpel et al., 2008; Alexander et al., 2009). Our results about ScEn2 
expression also support the origin of the auricle from r1.  The expression of ScEn2 in 
the cerebellar area located caudal to the posterolateral fissure confirm our identification 
of this territory as the upper auricle leaf primordium (at early stage 31) that will give 
rise to the upper auricle leaf (at stage 32).  
In S. canicula, ScHoxA2 is expressed in the rhombencephalic tegmentum 
including the octavolateral area but not in the upper or lower auricle leaves, which 
support that they entirely derive from r1 (Fig. 13). Moreover, the lower auricle leaf, 
located just caudally to the lateral recess of the fourth ventricle (in the most caudal part 
of r1) appears to correspond to a small ScHoxA2-negative area (Rodríguez-Moldes et 
al., 2011) that is maintained throughout development (present results). Of note, a 
ScHoxA2-positive domain was observed dorsally to the dorsal octaval nucleus (red 
domain in Fig. 13), which was classically identified as belonging to the auricle, as it 
contains a dense population of cells that express Pax6 (Ferreiro-Galve, 2010), a  marker 
of granular cells (Rodríguez-Moldes et al., 2008). While this result could indicate that 
part of the lower auricle leaf derives from r2, we think that this domain actually 
correspond to a transition cerebellar-like structure in between the auricle and the 
octavolateral area since this area also presents a low density of serotoninergic fibers (not 
shown) with respect to the ScHoxA2 negative area that we identified as lower auricle 
leaf. In late embryos, ScHoxA2 was also expressed in r1 derived structures (i.e., in the 
cerebellar body at stage 32), which could be due to a shift of function of the gene at this 
advanced developmental stage.    
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In mammals, a small HoxA2 negative domain is observed caudally to the upper 
rhombic lip (Allen Brain Atlas data portal, http://.brain-map.org). However, this domain 
does not develop as a lower auricle leaf. As this structure mainly receives lateral line 
imput (Schmidt and Bodznick, 1987), the absence of the lower auricle leaf could imply 
that it disappears through evolution along with the lateral line system.  
 
Antero-posterior and median-lateral compartmentalization of the cerebellum 
The delimitation of domains along the anterior-posterior axis is involved in the 
development of different functional regions (Frantz et al., 1994). Main domains in the 
cerebellum, which become compartmentalized under the influence of particular genes, 
are expected to be conserved throughout evolution. We have accordingly studied if the 
pattern of expression of ScEn2 and ScOtx2 in the cerebellum S. canicula is compatible 
with a role of these genes in the compartmentalization of this structure. Labeling of 
ScEn2 was observed in the rostral half of the cerebellum at stage 31. This anterior-
posterior distribution of ScEn2 in S. canicula appears very similar to that described in 
mammals (Herrup and Kuemerle, 1997), where this gene has been reported to be 
important for the development, compartmentalization and fissuration of the cerebellum 
(Millen et al., 1994; Cheng et al., 2010; Orvis et al., 2012). Accordingly, we have 
considered the possibility that ScEn2 in S. canicula can be delimiting the prospective 
anterior lobe of the cerebellar body and possibly determining the location of the fissura 
prima, which begins to form at paramedian levels.   
The ScOtx2 gene in S. canicula was also expressed in different domains along 
the rostro-caudal axis: one paramedian domain in the rostral half of the cerebellar body, 
one paramedian domain between the third point of flexure and the posterolateral fissure, 
and a domain extending through the upper auricle leaf. Except for the most rostral 
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domain, this pattern of expression is highly reminiscent of that described in mammals, 
where Otx2 has been reported to be involved in the anterior-posterior cerebellar 
patterning (Frantz et al., 1994; Herrup and Kuemerle, 1997; Cheng et al., 2010).  
By analysing the expression of ScEn2, we also sought to know if it could be 
involved in the median-lateral compartmentalization of the cerebellum, as has been 
reported for mammals (for a review, see Herrup and Kuemerle, 1997; Sillitoe et al., 
2008). Indeed, in mammals En2 is widely expressed in many cell types along a wide 
domain early in development, and later mainly in granule cells distributed into seven 
parasagittal bands, with the highest level of expression medially (Davis and Joyner, 
1988; Davis et al., 1988; Wilson et al., 2011). In S. canicula, ScEn2 it is widely 
expressed in the cerebellar body at stage 32, and becomes restricted to a single 
paramedian band (the granular layer), at stage 34.  The ScEn2 positive domain in the 
lesser spotted dogfish could then correspond to the median En2 positive area of the 
cerebellar vermis on mammals. However, contrary to that found in mammals, in S. 
canicula we found no evidence of a longitudinal pattern consisting of parasagittal 
bands, which is an indication that the median-lateral compartmentalization of the 
cerebellum of cartilaginous fishes is simpler to that of mammals. Absence of a 
longitudinal banding pattern for En2 expression was also observed in the cerebellum of 
bony fish (Vecino and Ekström, 1991).   
The analysis of the expression of Aldo-C (zebrin) in S. canicula allowed us to 
further investigate the presence of a median-lateral compartmentation of the cerebellum, 
since in birds (Pakan et al., 2007; Marzban et al., 2010) and mammals (Lerlerc et al., 
1990; Namba et al., 2011), this marker was reported to be expressed in a zebra-like 
pattern of parasagittal bands. In S. canicula, Aldo-C was observed in a single band 
consisting of Purkinje cells. Therefore, one En2 positive band was found paramedially 
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in the granular layer, while an Aldo-C positive band was found laterally in the Purkinje 
layer at each side of the cerebellum. This supports the simple median-lateral 
compartmentalization as inferred by means of ScEn2. A single zebrin-ir band was also 
described in other fishes, including the stingray (Puzdrowski, 1997) and the zebrafish 
(Meek et al., 1992), which implies that a subdivision in multiple parasagittal bands did 




The classification of cerebellar development in S. canicula into three 
developmental periods allows a more systematic study in this species, which is useful 
not only from the anatomical point of view, but also as a framework for future 
immunohistochemical and genoarchitectonic studies about the development of the 
cerebellum. Significant interspecific differences in cerebellar developmental processes 
were not observed between S. canicula (present results) and Squalus (Larsell, 1967), 
which allowed us identifying possible equivalent embryonic stages between 
galeomorphs and squalomorphs. The acquisition of the mature shape of the cerebellar 
body and auricles at stage 32 in S. canicula would justify considering this stage as the 
beginning of the maturity in relation to the morphology of the cerebellum, though the 
cerebellum continues growing throughout life. However, this does not apply to other 
jawed vertebrates, because the completion of the mature shape of the cerebellum is 
acquired later in bony fishes than in dogfish.   
The use of fissures as anatomic landmarks during cerebellar development was 
supported by molecular evidence and comparative studies. Moreover, the order of 
appearance of the main cerebellar fissures should be considered as an important 
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developmental feature of the cerebellum in gnathostomes, as it appeared roughly 
maintained through evolution. On the other hand, the process of cerebellar 
morphogenesis in the lesser spotted dogfish highly differs from that of bony fishes and 
some reptiles since early on development, while it appears to be closer to that of 
mammals. This points to the cerebellum of elasmobranchs as an adequate model to 
study the possible ancestral condition of jawed vertebrates.   The results obtained here 
by combining anatomical observations with molecular assays led us to propose that both 
the upper and lower auricle leaves originate from r1. The expression pattern of the 
genes ScEn2 and ScOtx2 also support the anatomical landmarks and provided a 
subdivision of the cerebellum into transverse domains, which appeared well conserved 
throughout evolution. On the other hand, the absence of a multiple banding pattern in 
the median-lateral axis could be indicative of a simple compartmentalization in basal 
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CbCr cerebellar crest 
Cbdp dorsal part of the cerebellar body 
Cbp cerebellar plate or cerebellar 
 primordium 
Cbvp  ventral part of the cerebellar body 
ChP choroid plexus 
CP cerebellar peduncle 
CPp cerebellar peduncle primordium 
DON dorsal octaval nucleus 
e sulcus e 
ERa ependymary raphe 
FL fibrous layer 
fmi inferior median fissure 
GE granular eminence 
GL cerebellar granular layer 
IIIn oculomotor nerve 
IS isthmus 
Isfo isthmic fovea 
IVv fourth ventricle 
IXn glossopharyngeal nerve 
LAL lower auricle leaf 
lf longitudinal fissure 
LPost lobulus posticus 
LR lateral recess 
LRL lower rhombic lip 
MedE median eminence 
Mes mesencephalon 
MOL cerebellar molecular layer 
MON medial octaval nucleus 
mrf meso-rhombencephalic fissure 
nlla anterior lateral line nerve 
OLA octavolateral area 
OT optic tectum 
PL Purkinje layer 
plf posterolateral fissure 
prf primary transverse fissure 
Pros prosencephalon 
r rostral 
r1-8 rhombomeres 1-8 
Rh rombencephalon 
sid intermediate dorsal sulcus 
siv intermediate ventral sulcus  
slH His sulcus 
smi median inferior sulcus 
sms median superior sulcus 
UAL upper auricle leaf 
UALp upper auricle leaf primordium 
URL upper rhombic lip 
VIIIm magnocellular octaval nucleus 
VIIIn octaval nerve 
VIIn facial nerve 
VIS viscerosensorial area 
Vn trigeminal nerve 
X sulcus X 
X’ sulcus X’ 
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Polyclonal goat anti-DCX 
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Polyclonal goat anti-Aldo-C 
Santa Cruz Biotechnology, 














Monoclonal mouse anti-PCNA  















Table 2. Correlation among developmental stages of Scyliorhinus canicula accordingly 
with their external features as proposed by Ballard et al. (1993), age (from “day 1”, when they 
were laid naturally), body size, extent of cerebellar morphogenesis and developmental periods. 
Counterpart developmental stages of Scyliorhinus canicula and Squalus acanthias were 



































 Stage External features 






External cerebellar morphology 
















24 Pharyngeal sets  C1-C4 
are open 
30-31,5 10-12 Meso-rhombencephalic fissure 
becomes noticeable 

































25 Set C5 are open 31-38 13-15 Onset of rhombic lips fusion 
rostrally  
8 
27 Mouth is diamond-
shaped 
Gill filaments buds  
42-46 17-20 Cerebellar plate becomes 
evident 
 
28 Mouth is traverse oval 
shaped 
46-51 21-23 Cerebellar plate curvature starts 
to form rostrally 
 
29 Mouth as an arched 
line 




Intermedio-caudal flexion of the 












30 Complete circle of eye 
pigment 






























31E Rostrum as a 
detectable protrusion 
Yolk begins to be 
transferred to the 
internal sac 
60-67 34-36 Primordium of cerebellar body 
rostrally and higher flexion of 
the caudal cerebellar plate 
Primordium of the upper auricle 
leaf 
50 
31M  67-74 36-38 Evident incipient cerebellar 




31L Rostrum increases in 
size 
Maximum 
development of gill 
filaments 
74-80 38-40 Cerebellar body as a closed 
structure 











32E Pigment completely 
covers eyes 
 
75-92 40-48 Patent cerebellar body and 
auricles  
Transverse fissure becomes 
noticeable 
Conspicuous longitudinal fissure 
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32M/L Pigment of the body 
increases 
92-125 49-67 Granular eminences become 
noticeable 
 
PH The external yolk is 
shrinking in size (33) 
115-175 68-82 Growth and maturation of 
cerebellar body and auricles 
 
 The external yolk is 
button-like (34, 
hatching) 
    
Juv Posthatching  82 External folding of the 
cerebellar cortex 
150-170 




Figure 1. Immunoblot of SDS-polyacrylamide gel of S. canicula adult brain protein 






































Figure 2. Schematic drawings of cerebellar development from dorsal view. For 
abbreviations, see list. Scale bar = 300 µm in A-C, F-H; 400 µm in I; 600 µm in D, E.  
Figure 3. Schematic drawings of sagittal sections of the brain (without telencephalon) 
at paramedian and parasagittal levels of the cerebellum. The level of the sections in the Figure 5 
(grey lines) is also indicated. Number 1 (in red) indicates a bending point or point of flexure in 
the cerebellum, and grey arrows indicate bending movements in the cerebellar primordium. The 
exit of some cranial nerves (V, VII and VIII) is also represented. For abbreviations, see list. 
Scale bar = 200 µm in A-D.    
Figure 4. Representative images of the cerebellum in sagittal (A, D, F) and transverse 
(B) sections, and from dorsal view (C, E) of embryos at stages 24 (A), 25 (B), 28 (C, D) and 29 
(E, F). Numbers 1-3 (in red) indicate bending points or points of flexure in the cerebellum. For 
abbreviations, see list. Scale bar = 300 µm in A, B, D, F; 600 µm in C, E.    
Figure 5. Schematic drawings of transverse sections of the cerebellum and 
rhombencephalon at stage 29. The level of the sections is indicated in Fig. 3C. The exit of the V 

























Figure 6. Schematic drawings of transverse sections of the cerebellum and 
rhombencephalon at stages 30 (A-E) and 31 (F-O). The level of the sections is indicated in Fig. 
8A, C. The exit of the V cranial nerve is also represented. For abbreviations, see list. Scale bar = 
500 µm in A-O.    
Figure 7. Representative images of the cerebellum in transverse (A) and sagittal (B-D) 
sections of embryos at stages 30 (A) and 31 (B-D). Numbers 2-4 (in red) indicate bending 
points or points of flexure in the cerebellum. For abbreviations, see list. Scale bar = 200 µm in 
D; 300 µm in A-C.    
Figure 8. Schematic drawings of sagittal sections of the brain (without telencephalon) 
at paramedian and parasagittal levels of the cerebellum at stage 31. Grey lines indicate the level 
of the sections in Fig. 6F-O. Numbers 1-4 (in red) indicate bending points or points of flexure in 
the cerebellum, and grey arrows indicated bending movements in the cerebellar primordium. 
The exit of some cranial nerves (III and VIII) is also represented. For abbreviations, see list. 


























Figure 9. Schematic drawings of transverse sections of the cerebellum and 
rhombencephalon at stages 32 (A-J) and juveniles (K-O). The level of the sections is indicated 
in Fig. 10A, E. The exit of the IIa and VIII cranial nerve is also represented. For abbreviations, 
see list. Scale bar = 500 µm in A-O.       
Figure 10. Schematic drawings of sagittal sections of the brain (without telencephalon) 
at paramedian and parasagittal levels of the cerebellum at stage 32 (A, B), prehatching embryos 
(C, D) and juveniles (E, F). The level of the sections in Fig. 9A-E, and 9K-O is also indicated. 
Numbers 1-4 (in red) indicate bending points or points of flexure in the cerebellum, and grey 
arrows indicate bending movements in the cerebellum. The exit of some cranial nerves (VIII, IX 
and X) is also represented. For abbreviations, see list. Scale bar = 200 µm in A, B; 500 µm in C-




























Figure 11. Representative images of the cerebellum in toto normal material (A, D, E, 
H-L, N, O), and in horizontal (B, C), transverse (F) and sagittal (G, M) sections, in prehatching 
embryos (A-F), juveniles (G-J, N) and adults (K-M, O). A-E. Images showing the mature ear-
like shape of cerebellar auriles. F. The level of the section in F is indicated in the scheme. G. 
Section to show DCX- and GFAP-ir processes in a fan shaped bundle. The squared area 
corresponds to the detail in G'. H-J. The cerebellum of a juvenile was dissected as indicated in 
H to have access to the roof of the cerebellar body from dorsal (I) and ventral (J) views. K, L. 
The cerebellum of an adult was dissected as indicated in K to access the roof of the cerebellum 
from a ventral (L) view. The asterisks indicate that outer fissures observed in lateral view (K’) 
correspond to inner folds shown in L. M. Sagittal section of the cerebellar cortex showing 
PCNA-ir cells in the inner fissures. A detail is shown in the inset. N, O. Ventral part of the 
cerebellar body of juveniles (N) and adults (O) observed after dissection as indicated in the 
figures H and K, respectively, to show the auricles. For abbreviations, see list. Scale bar = 150 

























Figure 12. Photomicrographs of sagittal (A-F) and transverse sections (G-K) of the 
brain of S. canicula after in situ hybridization (A-J) and immunohistochemistry (K) at the 
indicated stages. A-C. Panoramic view (A,B) and detail (C) of the rhombencephalon showing 
the ScHoxa2 positive domain caudally to the cerebellum at early stage 31. Note the upper 
auricle leaf primordium Hoxa2 negative. D,E. Panoramic view (D) and detail (E) of ScEn2 
expression pattern at early stage 31. Positivity was observed in the mesencephalic tegmentum, 
caudal optic tectum and rostral rhombencephalon. Note the moderate intensity in the rostral half 
of cerebellar plate and high intensity in the upper auricle leaf primordium. F. Expression pattern 
of ScOtx2 at intermediate stage 31. Note the Otx2 positive signal in the mesencephalon, rostral 
and caudal parts of the cerebellar body, and upper auricle leaf. G. Expression pattern of ScEn2 
at intermediate stage 32 showing positive domains in the upper auricle leaf and cerebellar body 
at median and lateral levels. H. Expression pattern of ScHoxa2 at intermediate stage 32 in the 
rhombencephalic tegmentum and marginally in the cerebellar body. Note that both the upper 
and lower auricle leaves are negative for ScHoxA2. I,J. Expression of ScEn2 at stage 34 
paramedially in the upper auricle leaf and cerebellar body. K. Aldolase-C labeling was observed 
























Figure 13. A. Schematic drawing of a transverse section of the rhombencephalon at 
intermediate stage 32. The expression patterns of ScEn2 and ScHoxA2 are illustrated together 
with the possible boundaries of auricles and cerebellar-like structures. The HoxA2 positive area 
located between the lower auricle leaf and octavolateral area (indicated in red) corresponds to a 
potential cerebellar-like structure, which also contains a low density of serotoninergic fibers 
(see text for details). B. Diagram indicating the possible origin of the different cerebellar and 



























DEVELOPMENT OF THE CEREBELLAR AFFERENT SYSTEM 
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Development of the cerebellar afferent system in the shark 
Scyliorhinus canicula: Insights into the basal organization of 
precerebellar nuclei in gnathostomes 
ABSTRACT  
The cerebellum is recognized as an evolutionary innovation of jawed vertebrates, 
whose most primitive group is represented by the chondrichthyans or cartilaginous 
fishes. A comprehensive knowledge of cerebellar connections in these fishes might 
shed light on the basal organization of the cerebellar system. Although the organization 
of precerebellar system is known in adults, developmental studies are essential for 
understanding the origin and evolution of precerebellar nuclei. In the present work we 
performed a developmental study of cerebellar connections in embryos and juveniles of 
an advanced shark species, Scyliorhinus canicula, by application of tract-tracing in 
combination with immunohistochemical techniques. Main precerebellar cell 
populations were located in the diencephalon (pretectum and thalamus), mesencephalon 
(reticular formation and nucleus ruber), rhombencephalon (cerebellar nucleus, reticular 
formation and inferior olive) and spinal cord (ventral horn). The order of arrival of 
cerebellar afferent projections throughout development revealed a common pattern with 
other jawed vertebrates, which was helpful for comparison of stages of cerebellar 
development. The neurochemical study of the inferior olive and other precerebellar 
nuclei revealed many shared features with other gnathostomes. Furthermore, since 
many precerebellar nuclei originate from rhombic lips, the first analysis of neuronal 
migrations from these lips was performed with markers of neuroblasts. The shared 
features of development and organization of precerebellar connections observed 




The cerebellum is an evolutionary innovation of jawed vertebrates or 
gnathostomes, clearly recognizable in cartilaginous fishes or chondrichthyans, which 
are phylogenetically considered the most primitive group of gnathostomes. The large 
cerebellum of chondrichthyans consists of cerebellar body (spinocerebellum) and 
auricles (vestibulocerebellum). The cerebellar cortex of sharks and rays 
(elasmobranchs) contains the same main cell types as mammals, i.e. Purkinje cells, 
granule cells, Golgi cells and stellate cells, but it lacks basket cells, Lugaro cells and 
unipolar brush cells (see Nicholson et al., 1969; Álvarez-Otero, 1990; Álvarez-Otero 
and Anadón, 1992; Álvarez-Otero et al., 1993, 1995). Cerebellar cells form the basic 
cerebellar circuitry typical of vertebrates (for review, see New, 2001; Anadón et al., 
2009; Montgomery et al., 2012). Afferent and efferent cerebellar connections appear to 
be conserved throughout evolution (New, 2001) and are crucial to carry out an effective 
regulation of motor control, although they are also important to maintain body balance 
and the interrelation between sensorimotor information and motor learning (reviewed in 
Delgado-García, 2001). 
The cerebellar connections have been studied in adults of different species of 
cartilaginous fishes using normal material or experimental procedures such as axonal 
degeneration, electrophysiology or tract-tracing methods (reviewed in Nieuwenhuys, 
1967; Northcutt, 1978; Smeets et al., 1983; Schmidt and Boznick, 1987; Fiebig, 1988; 
Smeets, 1998; Puzdrowski and Gruber, 2009). These studies suggest that the cell 
populations that project to the elasmobranch cerebellum may correspond to the 
precerebellar nuclei of mammals. Similarly, most afferent fibers end in the cerebellum 
as mossy fibers (arising from various brain regions) and climbing fibers (arising 
exclusively from the inferior olive). Both types of afferent fibers have been reported in 
124
adults of the lesser spotted dogfish (Álvarez-Otero et al., 1993). The cerebellar body 
efferents (Purkinje cell axons) end in the cerebellar nucleus located in the cerebellar 
peduncle (Paul and Roberts, 1984; Álvarez-Otero et al., 1996), which is considered 
homologous to the deep cerebellar nuclei of mammals. Hindbrain precerebellar neurons, 
including nucleo-cortical cells of deep cerebellar nuclei, have deserved special attention 
in developmental studies in mammals because of their complex migratory behavior 
from their origin place in the rhombic lips (for review, see Sotelo, 2004; and Sotelo and 
Chedotal, 2005). Whether similar processes take place in fishes is under discussion 
(Wingate, 2001; Volkmann et al., 2010; Wullimann et al., 2011; Butts et al., 2011), 
although there are some evidences of the contribution of the zebrafish rhombic lips to 
the precerebellar and deep cerebellar nuclei homologs (i.e., eurydendroid cells) 
(Wullimann et al., 2011). Moreover, recent developmental studies in the lesser spotted 
dogfish (Scyliorhinus canicula) have revealed a high degree of conservation in the 
patterns of cerebellar development (Rodríguez-Moldes et al., 2008; Chaplin et al., 
2010).  
The lesser spotted dogfish S. canicula is considered as a model species in Evo-
Devo studies (Coolen et al., 2009). It is especially advantageous for studying different 
aspects of the cerebellar development because its relatively slow development enables 
to perform comprehensive studies, and because the organization of the adult cerebellum 
is well known (for review, see Smeets et al., 1983; and New, 2001). Knowledge of the 
development of cerebellar connectivity in chondrichthyans will shed light on the basal 
pattern of cerebellar organization, i.e., the pattern closest to the ancestral condition. 
Therefore, we performed an experimental study on the development of the cerebellar 
afferent system in S. canicula. We firstly determined by tract-tracing the postnatal 
organization of cerebellar connections in S. canicula by identifying the different afferent 
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nuclei to the cerebellar body and then analyzed their order of arrival during 
development. For a better characterization of precerebellar cells, we analyzed these cells 
by combining tract-tracing techniques with immunomarkers for neuroactive substances 
or their synthesis enzyme (serotonin, tyrosine hydroxylase, glutamic acid 
decarboxylase, glutamate, choline acetyltransferase and calretinin) previously known to 
be expressed in neurons and fibers of the lesser spotted dogfish cerebellum and brain 
regions containing precerebellar nuclei (Álvarez-Otero et al., 1995, 1996; Anadón et al., 
2000, 2009; Carrera et al., 2008, 2012; Rodríguez-Moldes et al., 2011). We also 
combined tract-tracing techniques with the neuronal immunomarker NeuN, which has 
been reported in certain cerebellar and cerebellum-related cell populations in other 
vertebrates (Ono et al., 2004; Kim et al., 2011; Piper et al., 2011). In addition, we 
sought to identify rhombic-lip-derived migrating cells that form the hindbrain 
precerebellar nuclei by combining immunohistochemistry for doublecortin (a marker of 
migrating neuroblasts) and tract-tracing. This study provides the first description of the 
development of the cerebellar connections in fishes and gives new information on the 
basic developmental processes that take place during the formation of cerebellar 
connections in vertebrates, thus helping to understand how the cerebellum has evolved.  
 
MATERIAL AND METHODS 
Experimental animals 
Embryos of the lesser spotted dogfish (Scyliorhinus canicula) were supplied by 
Marine Biological Model Supply Service of the CNRS UPMC Roscoff Biological 
Station (France) and the Estación de Bioloxía Mariña da Graña (Galicia, Spain). 
Additional embryos and juveniles were kindly provided by the Aquaria of Gijón, O 
Grove and A Coruña (Spain). Eggs and juveniles from different broods were raised in 
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fresh seawater tanks in standard conditions of temperature (16-18ºC) and 12:12 hr 
day/night cycle. The embryos were staged on the basis of their external features 
according to Ballard et al. (1993). The following stages were analyzed: stage 23 (three 
branchial arches opened; one embryo), stage 30 (eyeballs circled with black pigment; 
one embryo), stage 31 (detectable rostrum and long branchial filaments; three embryos), 
stage 32 (regression of branchial filaments; nine embryos), stage 33 (decreased volume 
of the yolk sac; three embryos). Of note, when stage 32 begins, the first half of 
embryonic development has taken place and hatching occurs after the emptying of the 
external yolk sac in embryos at stage 34. For more information about the relationship of 
the embryonic stages, body size, gestation length and birth, see Table 1 in Ferreiro-
Galve et al. (2010). In addition, five young juveniles were used. Adequate measures 
were taken to minimize animal pain or discomfort. All procedures conformed to the 
guidelines established by the European Communities Council Directive of 22 
September 2010 (2010/63/UE) and by the Spanish Royal Decree 53/2013 for animal 
experimentation, and were approved by the Ethics Committee of the University of 
Santiago de Compostela. 
In vitro tracing techniques 
A total of 21 animals ranging from stage 30-embryos to juveniles were used 
(Table 1). The experiments were performed in whole brains under in vitro conditions. 
All specimens were deeply anaesthetized in seawater containing 0.5% tricaine methane 
sulfonate (MS-222; Sigma, St. Louis, MO). Animals were then immersed in (stages 30 
and 31) or transcardially perfused (stages 32, 33 and juveniles) with 30 ml of ice-cooled 
elasmobranch Ringer’s solution  (see Ferreiro-Galve et al., 2012) containing 11mM 
glucose, which was oxygenated with an oxygen aerator to a pH of 7.4. After 
decapitation, the brain and spinal cord were quickly isolated by removing the overlying 
127
skin and cartilaginous skull and transferred to fresh iced Ringer’s solution to proceed 
with the immediate application of the tracer.  
We applied Neurobiotin (322.8 Da molecular weight; Vector Laboratories, 
Burlingame, CA), an amino derivative of biotin used in neuronal tract-tracing, whose 
transport efficiency in retrograde labeling has been proved (Barreiro-Iglesias et al., 
2008). The tracer was dissolved in distilled water until saturation and recrystallized at 
the tip of a minute pin (00) according to Morona et al. (2005). The application of the 
tracer was carried out manually or using a micromanipulator (Narishige, Japan). Brains 
were accessed by vertical penetrations and all applications were made unilaterally, most 
of them to the caudal lobe of the cerebellar body; in some cases the tracer was applied 
to the anterior lobe of the cerebellar body, the lower rhombic lip and the rostral spinal 
cord (Table 1). After application of the tracer, brains were maintained in continuously 
oxygenated Ringer’s solution containing 11 mM glucose for 2-4 days at 8ºC, and then 
fixed by immersion in 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) 
containing 1.75% of urea (elasmobranch PB) for 2 days. The tissue was then 
cryoprotected with 30% sucrose in PB, embedded in NEG 50
TM
 (Thermo Scientific, 
Kalamazoo, MI), frozen with liquid nitrogen-cooled isopentane and cut on a cryostat. 
Parallel series of transverse and sagittal sections (20-25µm thick) were mounted on 
Superfrost Plus slides (Menzel-Glässer®, Madison, WI). 
Neurobiotin visualization 
Neurobiotin was visualized by incubating the sections with fluorescein 
isothiocyanate (FITC)-labeled Avidin-D or Dy-Light
549
 (1:1000, Vector Laboratories) 
in a humid chamber for 2.5 h at 37ºC. The slides were rinsed in 0.05M Tris-buffered 
saline (TBS; pH 7.4), then rinsed in distilled water, dried for 30 min at 37ºC, and 
mounted in Mowiol 4-88 Reagent (Calbiochem MerkKGa, Darmstadt, Germany).  
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Alternatively, sections were pretreated with H2O2 to eliminate the endogenous 
peroxidase activity and then incubated with the preformed Avidin:Biotinylated enzyme 
Complex (Vectastain ABC system, Vector Laboratories) following the procedure 
indicated by manufacturer. The tracer was then visualized with 0.25 mg/mL 
diaminobenzidine tetrahydrochloride (DAB, Sigma) in TBS pH 7.4 with 2.5 mg/mL 
nickel ammonium sulfate and 0.00075% H2O2. All dilutions were made with TBS 
containing 0.2% Triton X-100 (Sigma). Sections were then dehydrated and 
coverslipped.  
Combined tract-tracing and immunohistochemistry 
The tracer was applied in vitro and the tissue processed as described above. 
Sections were pretreated with 0.01M citrate buffer pH 6.0 for 30 min at 90ºC, for heat 
induced epitope retrieval. After cooling, sections were rinsed twice in TBS (pH 7.4) for 
5 min each and then incubated in primary antibody solutions overnight at room 
temperature (RT). The primary antibodies used were (for characteristics see Table 2): 
rabbit polyclonal anti-doublecortin (DCX), rabbit polyclonal anti-serotonin (5-HT), 
rabbit polyclonal anti-calretinin (CR), rabbit polyclonal anti-glutamate (Glut), rabbit 
polyclonal anti-glial fibrillary acidic protein (GFAP), goat polyclonal anti-choline 
acetyltransferase (ChAT), mouse monoclonal anti-human HuC/HuD (HuC/D), mouse 
monoclonal anti-neuronal nuclear antigen (NeuN), mouse monoclonal anti-tyrosine 
hydroxylase (TH) and sheep polyclonal anti-glutamic acid decarboxylase (GAD). 
Secondary antibodies were subsequently incubated for 1 h at RT. The following 
secondary antibodies were used (Table 3): Alexa Fluor 546 or 488 donkey anti-rabbit, 
Alexa Fluor 647 donkey anti-mouse, Alexa Fluor 633 donkey anti-sheep and Alexa 
Fluor 488 or 633 donkey anti-goat IgGs (1:100-200, Molecular Probes, The 
Netherlands). All antibodies were diluted in TBS containing 15% normal serum of 
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donkey, the species in which the secondary antibody was raised, 2% bovine serum 
albumin (BSA, Sigma) and 0.2% Triton X-100 (Sigma). Neurobiotin was visualized 
with FITC-labeled-avidin-D or with DyLight
549
 as described above. The slides were 
rinsed in TBS (pH 7.4), then in distilled water, dried for 30 min at 37ºC, and mounted in 
Mowiol 4-88 Reagent.  
In addition, one embryo at stage 23 that had not been previously treated for tract-
tracing, was processed as above for double immunohistochemistry with DCX and 
HuC/D for searching migrating neuroblasts. 
Antibody characterization 
Table 2 indicates the immunogens, suppliers, catalog numbers, hosts, type and 
dilution of the primary antibodies used here and Table 3 the secondary antibodies used. 
Doublecortin 
The polyclonal anti-DCX antibody was produced by immunizing rabbits with a 
synthetic peptide corresponding to human DCX. The antibody was purified by protein 
A and peptide affinity chromatography. In Western blots of extracts from mouse and rat 
brain, this antiserum recognizes one band of approximately 45 kDa (manufacturer’s 
technical information). The same antibody labels immature neurons (neuroblasts) in 
neurogenic regions of the mouse brain (Dellarole and Grilli, 2008). As a further control 
of specificity, we performed Western blot analyses of brain extracts of adult lesser 
spotted dogfish by standard procedures (for details of preparation of brain extracts and 
blotting procedure, see Anadón et al., 2000; Carrera et al., 2012). In these blots, the 
DCX antibody stained a single protein band of about 45 KDa (lane 2 in Fig. 1). 





The specificity of the anti-5-HT antiserum was assessed by the manufacturer 
using standard immunohistochemical methods. In addition, the specificity of the 
immunoreaction in S. canicula was previously tested by preadsorbing the primary 
antibody with the 5-HT-BSA conjugate used for rabbit immunization (Carrera et al., 
2008). The antiserum has been used in this dogfish, and the pattern of staining observed 
in the present study was the same as previously reported (Carrera et al., 2008). 
Calretinin 
According to the manufacturer, the antiserum against CR 1) does not cross-react 
with calbindin D-28k or other known calcium binding-proteins, as determined by 
immunoblots and by its distribution in the brain; 2) it labels a subpopulation of neurons 
in the normal brain with high efficiency, but does not stain the brain of CR knock-out 
mice; 3) it recognizes a band of 29-30 kDa by Western blot. In addition, this antibody 
was previously characterized by Western blotting in brain extracts of S. canicula where 
it revealed a single protein band of the same molecular weight (29 kDa) as in rat (Graña 
et al., 2008; lane 3 in Fig. 1). 
GFAP 
According to the manufacturer, the anti-GFAP antibody recognizes a 50 kDa 
intracytoplasmic filamentous protein that constitutes a portion of the cytoskeleton in 
astrocytes, and it has been proved to be the most specific marker for cells of astrocytic 
lineage. The antibody has been solid-phase absorbed with human and cow serum GFAP 
proteins, which show 90-95% homology between species. It has been previously used 
as a glial marker in different elasmobranch species including Scyliorhinus canicula 




The GAD65/67 antiserum (GAD 1440) was a gift from Dr. Mugnaini, and was 
initially produced in the National Institute of Health, Bethesda, MD from a source 
developed by Drs. Irwin J. Kopin, Wolfgang Oertel, Donald E. Schmechel, and Marcel 
Tappaz (Oertel et al., 1981), with methodological contributions from the laboratory of 
Enrico Mugnaini (University of Connecticut, Storrs). Details about the origin and 
specificity of the GAD 1440 antibody have been previously published (MacLeod et al., 
2006). Additional controls for specificity of this antiserum in S. canicula and rat brain 
protein extracts were previously performed by Western blot (Sueiro et al., 2004); 
similar 65 and 67 kDa bands were observed in S. canicula and rat lanes, indicating that 
the antibody recognized both isoforms of GAD in S. canicula. The same antiserum has 
been used in different vertebrate groups, including fishes (Mugnaini et al., 1984; Carr et 
al., 1989; Maler and Mugnaini, 1994; MacLeod et al., 2006).    
Glutamate 
The anti-Glut antiserum was raised against glutamate conjugated to a carrier 
protein using glutaraldehyde. According to the supplier, 1) in test of monkey, cat, rat 
and mouse tissues the antibody has successfully localized glutamate and glutamatergic 
neurons such as retinal photoreceptors and cortical pyramidal cells; and 2) in dot blot 
assays against a variety of other amino acid conjugates including the standard 20 amino 
acids found in proteins, the nonprotein amino acids GABA, glutamine, glycine, D-
aspartate, serine and arginine, which did not yield significant reactivity. In addition, the 
antibody was tested by Western blotting with adult S. canicula brain protein extracts, 
and no protein band was stained in these blots (lane 1 in Fig. 1). As a positive control, 
the CR was immunostained, which showed the presence of a single band of about 29-30 
kDa (lane 3 in Fig. 1). The procedure, as cited above, was performed by standard 
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procedures. A related antibody from the same supplier (Immunosolution, cat. no. 
IG1007),  similarly raised but produced for glutaraldehyde-fixed tissues, did not stain 
any protein band in lamprey brain protein extracts (Villar-Cerviño et al., 2011) and  
labeled specific neuronal cell types in the glutaraldehyde-fixed lamprey brain (Villar-
Cerviño et al., 2011, 2012).  
ChAT 
Immunoblotting of mouse NIH/3T3 cell lysates with this antibody revealed a 
single 68 kDa protein band (manufacturer's technical information). The anti-ChAT 
antiserum has also been characterized in Western blots of lesser spotted dogfish brain 
extracts, where it labeled a protein band similar to that labeled in rat brain extracts 
(Anadón et al., 2000). Moreover, the distribution of cholinergic neurons in the brain of 
the adult lesser spotted dogfish has been previously reported using this antibody 
(Anadón et al., 2000). 
HuC/D 
The mouse monoclonal anti-HuC/D antibody (originally isolated by M. 
Marusich in the University of Oregon Monoclonal Antibody Facility as mAb 16A11) 
was raised against a RNA-binding protein originally isolated from humans. According 
manufacturer, it recognizes the embryonic lethal abnormal visual (Elav) family 
members HuC, HuD and Hel-N1 (all of them neuronal proteins), but not HuR; in 
immunoblots, it reveals bands of around 40 kDa that correspond to the HuC and HuD 
proteins (Marusich et al., 1994; Takeda et al., 2008; Vellema et al., 2010). Moreover, 
this antibody specifically labeled neuronal cells in teleosts, birds and humans (Ekström 
and Johansson, 2003; Soukkarieh et al., 2007; Takeda et al., 2008). The same antibody 
labeled different types of neurons in the spinal cord of embryos and juveniles of the 
lesser spotted dogfish (Sueiro et al., 2004).  
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NeuN 
The anti-NeuN (or Neuronal Nuclei) antibody has been extensively used as 
neuronal marker as it recognizes a vertebrate neuron-specific nuclear protein (NeuN). 
Some neurons such as Purkinje cells and inferior olivary neurons are not recognized by 
the NeuN antibody (Mullen et al., 1992; Wolf et al., 1996). The immunohistochemical 
staining is primarily found in the nucleus of the neurons with lighter staining of the 
cytoplasm. The antibody recognized two-three bands ranged between 46-48 kDa that 
correspond to isoforms of NeuN, as shown by Western blot and electrophoretic 
separation of crude nuclear fraction of adult mouse brain (Lind et al., 2005). The 
specificity of the antibody in the lesser spotted dogfish is supported by the labeling of 
neurons in the granular layer of the cerebellum, similarly to that reported in other 
vertebrates (Ono et al., 2004; Kim et al., 2011; Piper et al., 2011). 
TH 
The mouse monoclonal TH antiserum was raised against denatured TH from rat 
pheochromocytoma. According to the technical information supplied by the 
manufacturer, in Western blots it recognizes a protein of approximately 59-60 kDa. In 
addition, the antiserum specificity has been characterized previously by Western blot in 
brain extracts of the lesser spotted dogfish where it stained a single protein band of 
about 56-60 kDa (Carrera et al., 2012). The antibody displays wide species cross-
reactivity and has been used to demonstrate the catecholaminergic systems in a number 
of species, including the lesser spotted dogfish (reviewed in Carrera et al., 2012). The 
antibody did not recognize TH2 in teleosts, thus revealing only the TH1-





Photomicrographs were taken with an Olympus DP70 color digital camera fitted 
to a Provis photomicroscope equipped for fluorescence with appropriate filter 
combinations. Double labeled samples were studied with a spectral confocal laser 
scanning microscope (Leica TCS-SP2, Wetzlar, Germany). Stack images were acquired 
separately from each laser channel with steps from 0.5 to 2 µm along the z-axis and 
collapsed images were obtained from an average of 15 optical sections. Confocal stacks 
were acquired and processed with LITE software (Leica). Images were sized and 
optimized for brightness and contrast using Adobe Photoshop 7.0 (San Jose, CA). For 
presentation, some color photomicrographs were converted to gray scale and inverted, 
and brightness and contrast adjusted using Adobe Photoshop 7.0. Plate photomontage, 
schemes and lettering were also made with Adobe Photoshop 7.0.  
 
RESULTS 
Unless otherwise stated, the terminology for the main structures of the 
elasmobranch cerebellar afferent system basically follows that used by Fiebig (1988), 
Álvarez-Otero et al. (1996), and Carrera et al. (2008, 2012). 
To identify the precerebellar nuclei of S. canicula, we applied the recrystallized 
tracer (Neurobiotin) to the cerebellar body of juveniles. This tracer has been mainly 
used as a retrograde tracer (Barreiro-Iglesias et al., 2008), although it also appeared to 
be transported anterogradely (Huang et al., 1992). Therefore, there is no doubt that 
labeled somas after cerebellar applications represent afferent (precerebellar) neurons, 
but the labeled tracts of fibers could correspond to either afferent or efferent systems. 
Although we tried to restrict the application of the tracer to only the cerebellar body, 
some diffusion outside the cerebellar limits occurred in some cases. Accordingly, to 
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avoid false positives, we only considered those results that were consistently reproduced 
in all traced specimens. Furthermore, the present study is qualitative and not 
quantitative, because the labeled precerebellar cells correspond to a portion of each 
precerebellar nucleus (that project to the area of the cerebellar body affected by the 
tracer) and not the entire afferent populations (that project to the whole cerebellum).  
The study of connections of the vestibulocerebellum in the lesser spotted dogfish 
exceeds the objectives of the present work. However, the cerebellar afferents to the 
vestibulocerebellum in the little skate (Schmidt and Bodznick, 1987) are rather different 
from those projecting to the cerebellar body described here. 
In order to facilitate the interpretation of photomicrographs, the basic 
organization of cerebellar connections observed in juveniles is illustrated in Figure 2, 
which includes schematic drawings of representative sagittal and transverse sections 
through the brain. Main results are also summarized in Figure 3. Both in schemes and 
figures, the right side is ipsilateral with respect to the tracer application site and the left 
side is contralateral. The developmental pattern of cerebellar connections is displayed in 
sagittal and transverse schematic representations in Figure 4, summarized in Table 4, 
and illustrated in detail in Figures 5-10. Subsequently, the neurochemical 
characterization of precerebellar nuclei is summarized in Table 5 and illustrated in 
Figures 11-13. Finally, Figure 14 shows putative tangential and radial migrating 
neuroblasts originated in the upper and lower rhombic lips. 
 
Organization of cerebellar afferent pathways in juveniles of S. canicula 
We have focused our study on the connections of the cerebellar body and not on 
cerebellar auricles, the latter being mostly linked to the vestibular nuclei. The 
distribution of cells projecting to the cerebellar body in juveniles of S. canicula 
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(schematically represented in Figure 2) is roughly similar to that described in adults of 
the thornback guitarfish Platyrhinoidis triseriata (Fiebig, 1988) and the Atlantic 
stingray Dasyatis sabina (Puzdrowski and Gruber, 2009). However, in the present study 
the topological organization of cerebellar afferent nuclei was examined from a 
segmental point of view according to the transverse and longitudinal domains described 
in S. canicula by Ferreiro-Galve et al. (2008), Rodríguez-Moldes et al. (2011), and 
Carrera et al. (2012). These domains are supported by the prosomeric (segmental) 
model of forebrain organization proposed by Puelles and Rubenstein (2003), and the 
model that advocates the evolutionary conservation of the segmental rhombencephalic 
entities (for review, see Nieuwenhuys, 2011). 
After application of the tracer to the cerebellar body of juveniles, retrogradely 
labeled (precerebellar) cells were observed from diencephalic to spinal levels (Fig. 2). 
In general, the afferents to the cerebellum from more rostral brain regions were 
ipsilateral and those from caudal regions were mostly contralateral, as shown in Figure 
3, which summarizes the major precerebellar groups. Additionally, some fibers were 
anterogradely labeled in the cerebellar peduncle (see below). 
The most rostral retrogradely labeled cells were located in the diencephalon 
(caudal forebrain), particularly in the derivatives of the alar plate of prosomeres 1 and 2 
(pretectum and thalamus, respectively), and most of them were ipsilateral to the tracer 
application (Fig. 2A,B,K). Labeled precerebellar cells were observed at marginal and 
intermediate levels of pretectum (lateral and central pretectal nuclei) and thalamus (area 
of lateral geniculate nucleus and medial thalamus) (Fig.2B).  
In the mesencephalon, which consists of tectum and tegmentum, some afferent 
cells from the optic tectum were identified as belonging to the mesencephalic trigeminal 
nucleus (Fig. 2A,C,K). Along the mesencephalic tegmentum, scattered precerebellar 
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reticular cells were observed bilaterally to the tracer application, but they were more 
abundant ipsilaterally. Near the base of the tegmentum, a conspicuous paramedian 
ipsilateral group of cells was clearly observed just laterally to the oculomotor nerve root 
(Fig. 2A,C,K). On the basis of its location it was identified as the nucleus ruber 
described in Scyliorhinus (Smeets, 1982; Smeets et al., 1983). 
To describe the different precerebellar cell groups, we have roughly subdivided 
the rhombencephalon into three parts (rostral, intermediate and caudal). In the rostral 
rhombencephalon (isthmus), just caudal to nucleus ruber, abundant labeled cells 
appeared densely grouped in basal regions, mostly ipsilaterally and mainly in the 
superior reticular formation (Fig. 2A,D,K). At dorsolateral isthmic levels a small 
ipsilateral group of labeled cells and fibers was identified as the isthmic group (Fig. 
2A,E,K). More caudally, in the cerebellar peduncle (Fig. 2A,F,K), a few cells were 
retrogradely labeled with Neurobiotin (NB) in each one of the three cell subpopulations 
(subventricular, medial and lateral) previously described in the lesser spotted dogfish 
cerebellar nucleus (Álvarez-Otero et al., 1996), mainly in the ipsilateral side. Abundant 
bundles of labeled fibers coursed following a dorsoventral orientation in the cerebellar 
peduncle, and some turned abruptly toward medial regions of the cerebellar nucleus. 
The 90 degrees turning of fiber bundles suggested that these fibers were Purkinje cell 
axons innervating the cerebellar nucleus, which is in agreement with previous 
experimental observations by Álvarez-Otero et al. (1996).   
Precerebellar cells of the caudal rhombencephalon were confined to the 
viscerosensory column [comprised between the intermediate dorsal sulcus (sid) and 
sulcus limitans (slH)] and motor areas (ventrally to slH) (Fig. 2A,G-I,K). Caudally to 
the level of the anterior lateral line and octaval nerve entrances, labeled precerebellar 
cells were observed along the nucleus of the descending trigeminal root (Fig. 2A,H,K). 
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Labeled precerebellar cells of the inferior reticular formation (Fig. 2A,G-I,K) were 
located in lateral (marginal and submarginally, i.e. the lateral reticular area or lateral 
reticular nucleus), paramedian and median (i.e. the raphe nucleus) levels. They were 
more abundant ipsilaterally than contralaterally to the tracer application site. Just 
caudally to these populations, retrogradely labeled cells were observed at the level of 
the contralateral inferior olive in paramedian location. This olivary population extended 
from the level of entrance of the first vagal nerve root (Fig. 2I,K) to the hindbrain-spinal 
cord boundary. Two olivary cell subpopulations were distinguished, one located 
rostrally and dorsolaterally in the inferior olive and the other located more caudally and 
ventromedially. Taking into account the morphology of inferior olivary cells, two cell 
types were observed in juveniles and embryos (see below).  
In the rostral spinal cord, very few labeled cells were observed in the ventral 
horn (Figs. 2A,J,K). Other parts of the rostral spinal cord lacked retrogradely labeled 
neurons in our experiments. More caudal spinal regions were not checked. 
 
Development of precerebellar cells projecting to the cerebellar body  
In order to determine the developmental pattern of cerebellar afferent pathways, 
applications of tracer to the cerebellar body were systematically carried out in embryos 
of different sizes (stages 31, 32 and 33). Of note, only precerebellar cells whose axons 
had reached the cerebellum at these stages would be retrogradely labeled, which allow 
studying the timing of development of such pathways. An overview of the distribution 
of the precerebellar neuronal groups that innervated the cerebellar body throughout 
developmental stages is represented in Figure 4, which also shows the relative density 
of labeled cells in sagittal (Fig. 4A-D) and transverse sections (Fig. 4E-R) at early stage 
32 (when the earliest labeled cells were observed), intermediate and late stage 32 (when 
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the remainder cerebellar afferents successively develop), and stage 33 (when the 
precerebellar organization described in juveniles became recognizable). The sequence 
of appearance of the main precerebellar cell groups projecting to the cerebellar body is 
represented in Table 4. In the stage 31, the only clearly labeled cells were observed in 
the cerebellar peduncle, although the existence of any extracerebellar afferent cannot be 
completely ruled out because of the observation of ascending fibers in the cerebellar 
peduncle. 
At early stage 32, NB labeled cells appeared in the alar domain of prosomere 1 
or pretectum (Fig. 4A), in the mesencephalon (Fig. 4A,E), and the rostral 
rhombencephalon (Fig. 4A,F,G). A few precerebellar cells were clearly labeled in the 
cerebellar peduncle (Fig. 4A,H), but labeled cells were hardly detected at more caudal 
rhombencephalic levels (Fig. 4A,I). At intermediate stage 32 (Fig. 4B), the number of 
labeled cells increased in the pretectum and mesencephalic tegmentum, and the first 
cells became labeled in the optic tectum (Vme) and the region of the caudal 
rhombencephalon roughly comprised between rhombomere 6 and the spinal cord. 
Interestingly, in the caudal rhombencephalon some retrogradely labeled cells were 
observed in a ventroparamedian location, which could represent the primordium of the 
inferior olive (Fig. 4B). Later on, the density of cell populations progressively increased 
and towards the end of this stage (late stage 32) precerebellar neurons were labeled in 
the thalamic area (Fig. 4C,J), and conspicuous precerebellar nuclei were appreciable in 
the mesencephalon (nucleus ruber; Fig. 4C,K) and the rhombencephalon. 
Rhombencephalic precerebellar nuclei included the superior reticular formation, the 
isthmic group, the three subpopulations of the cerebellar nucleus, the inferior reticular 
formation (including cells of the lateral reticular area and raphe cells), cells in the 
nucleus of the descending trigeminal root and the inferior olive (Fig. 4C,L-Q). The first 
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labeled cells in the spinal cord were also observed at this stage (Fig. 4C,R). At stage 33 
(Fig. 4D), the relative number of precerebellar cells was higher than at stage 32 but no 
new specific cell groups appeared thenceforth, and the pattern of precerebellar nuclei 
was already very similar to that of juveniles. 
To perform a detailed description of the progress of each specific cell group 
projecting to cerebellar body, i.e. to see when they arise and how they change overtime, 
we proceed to describe the development by regions along the rostrocaudal axis. 
Diencephalic projections to the cerebellum from the pretectum and thalamus developed 
sequentially. First diencephalic precerebellar cells were observed marginally in the 
pretectum (Fig. 5A). Shortly after (at intermediate stage 32) more diencephalic cells 
were appreciated marginally in the pretectum and extending to the pretectum-thalamus 
boundary (Figs. 4B, 5B). At the end of this stage (late stage 32), additional labeled cells 
were observed in an area that contain a calretinin-immunoreactive cell population (Fig. 
5C,D) previously identified as belonging to the thalamus (Ferreiro-Galve et al., 2008). 
At stage 33, the pretectal and thalamic populations extended throughout the alar domain 
occupying marginal and intermediate levels (Fig. 5E,F). A similar distribution was 
observed in juveniles (Fig. 5G,H). 
In the mesencephalic tegmentum, some precerebellar reticular cells were first 
observed concurrently with the pretectal population (early stage 32) (Fig. 5I). As 
development proceeded, the relative number of mesencephalic cells projecting to the 
cerebellum progressively increased and the labeled cell population extended at 
marginal, submarginal and intermediate areas (Fig. 5J-L). On the other hand, the 
nucleus ruber was not appreciable as a defined group until the end of the stage 32 (Fig. 
5M) and became more apparent in later stages (Fig. 5N,O). In the optic tectum, a few 
labeled cells were observed in the mesencephalic trigeminal nucleus from intermediate 
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stage 32 onwards, but its number did not increase significantly throughout development 
(Fig. 6A-C).    
In the rostral or isthmic rhombencephalon, the first precerebellar cells of the 
superior reticular formation were labeled at early stage 32 (Fig. 6D), its relative density 
increased throughout development (Fig. 6E). In juveniles, reticular cells became a very 
conspicuous and dense population (Fig. 6F). The small dorsolateral isthmic group of 
precerebellar cells and fibers also appeared labeled at early stage 32 (Fig. 6G). Later on, 
the number of cells in this group did not increase significantly, although the density of 
labeled fibers was higher in juveniles (Fig. 6H,I).  
The cerebellar peduncle was the first region showing clearly labeled 
precerebellar cells. When a ventricular prominence became appreciable in the cerebellar 
peduncle (stage 31), a few labeled cells and some dorsoventrally oriented labeled fibers 
were distinguished in the primordial lateral cerebellar subnucleus (arrow in Fig. 7A). At 
early stage 32, the cerebellar peduncle showed a conspicuous eminence and labeled 
cells were also observed medially in the primordial medial cerebellar subnucleus (Fig. 
7B). At intermediate stage 32, the white matter of the cerebellar nucleus was clearly 
distinguished and exhibited fiber endings in dorsomedial location (arrow in Fig. 7C), 
abundant fibers coursed following a dorsoventral orientation (Fig. 7C), and the first 
fibers turning 90 degrees towards the medial zone. These bent fibers appeared to come 
from the cerebellar cortex (black arrow in Fig. 7D) and from basal rhombencephalic 
regions (white arrow in Fig. 7D). At late stage 32, the innervation of the dorsomedial 
cerebellar peduncle area increased (Fig. 7E). The bent fibers were found in bundles, 
which contained both types of processes, presumably from dorsal and ventral origins 
(black and white arrows in the Fig. 7F). At this stage, abundant labeled nucleo-cortical 
cells were observed in the medial area of the cerebellar nucleus, being scarcer in 
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subventricular and lateral parts (Fig. 7G). In juveniles, the three precerebellar 
subpopulations of the cerebellar nucleus were patent (Figs. 7H-J), and scattered labeled 
cells appeared in the white matter. In these juveniles, the dorsoventrally tracts of fibers, 
the bundles bent towards the medial portion (Fig. 7H,I) and the innervation of the white 
matter portion of the cerebellar nucleus (Fig. 7I,J) became conspicuous. Interestingly, in 
the dorsal zone of the cerebellar peduncle, abundant fiber endings were observed around 
the unlabeled (extracerebellar projecting) nuclear cells (inset in Fig. 7J).     
 Noteworthy, NB labeled fibers were observed in the marginal region of the 
rhombencephalon ascending towards the cerebellar peduncle as early as stage 31 (Fig. 
8A). Later on, the number of these fibers increased and formed a conspicuous tract 
(bulbo-cerebellar tract) (Fig. 8B-F). A few labeled fibers were also observed in the 
trigeminal ganglion and nerve (trigeminal fibers) at late stage 32 (Fig. 8E). Analysis of 
sagittal sections allowed showed two longitudinal (rostral and caudal) tracts of labeled 
fibers that reached the cerebellum after intercrossing at the level of the cerebellar 
peduncle (Fig. 8G,H).  
Regarding to the caudal rhombencephalon, labeled precerebellar cells were 
observed from the intermediate stage 32 onwards (Fig. 8I). The number of these cells 
gradually increased, and in late stage 32 different cell groups became recognizable: in 
the nucleus of the descending trigeminal root (Fig. 8J), and those located at 
intermediate, lateral (Fig. 8K) and raphe (inset in Fig. 8L) regions of the inferior 
reticular formation. In juveniles, these cell groups became clearly evident (Fig. 8M,N), 
although the number of cells in the raphe did not appear to increase (Fig. 8O). 
Precerebellar cells of the inferior olive were labeled from intermediate stage 32. 
In a case of this stage, a single paramedian cell at the level of the vagal nerve root (Fig. 
9A) and a pair of cells (also paramedially) at rhombencephalon-spinal cord boundary 
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(Fig. 9B,C) were observed, probably corresponding to the primordia of rostral and 
caudal subpopulations of the inferior olive, respectively. A defined olivary organization 
was not observed until late stage 32 (Fig. 9D), when two cell subpopulations of the 
inferior olive became distinguishable: a rostral portion containing cells with processes 
dorsolaterally oriented (Fig. 9E) and a caudal portion with cells located more 
ventromedially (Fig. 9F). To assess whether these olivary cells were young migrating 
neuroblasts or already differentiated neurons, we performed double labeling with the 
tracer and DCX (a marker of migrating neuroblasts) or HuC/D (marker of early 
neurons) immunohistochemistry. We observed that labeled cells of the inferior olive 
area were DCX negative and HuC/D positive (Fig. 9G-I), which revealed that they were 
differentiated neurons. In juveniles, a large number of NB labeled cells was observed in 
the rostral (Fig. 9J) and caudal (Fig. 9K) subpopulations of the inferior olive. The 
inferior olive extended to the most caudal rhombencephalon (Fig. 9L), and a dense 
tangle of labeled processes was observed in the inferior olive neuropil. In embryos and 
juveniles, the labeled olivary perikarya were mostly round, except for a few that were 
elongated in shape (Fig. 9G and white arrow in Fig. 9K).  
In the spinal cord, labeled precerebellar cells were not observed until the late 
stage 32 (Fig. 10A). As development proceeded, the number of these labeled 
precerebellar cells was only slightly increased (Fig. 2J).  
Prompted by the scarce spinal cells projecting to cerebellum observed in these 
experiments, a different experiment was carried out in a few embryos, in which the NB 
was applied to the spinal cord to check if spino-cerebellar projections were actually 
established at late stage 32 or earlier. The application of NB to the rostral spinal cord of 
stages 31 and early 32 would affect most of spinal fibers projecting to the cerebellum, 
including those from caudal spinal levels. In these experiments, anterogradely labeled 
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fibers were observed in the cerebellum. At stage 31, only a single labeled fiber was 
observed in the prospective cerebellar peduncle (Fig. 10B). Shortly after (early stage 
32), some labeled fibers reached the ipsilateral cerebellar cortex (Fig. 10C) although 
they were far more abundant in the cerebellar peduncle (Fig. 10D), and some fibers 
were detected in the contralateral side (Fig. 10E). Labeled fibers were also observed in 
the anterior medullary velum (AMV) and in the cerebellum (Fig. 10F) and some 
appeared to cross to the contralateral side (Fig. 10G). At this stage, fibers from the 
spinal cord also reached the boundary between the cerebellar body and upper auricular 
leaf (results not shown). 
 
Neurochemical characterization of cerebellar connections in juveniles 
In brain regions where precerebellar nuclei were labeled with the tracer we had 
previously observed cells and fibers immunoreactive to choline acetyltransferase 
(ChAT; Anadón et al., 2000, serotonin (5-HT; Carrera et al., 2008), calretinin (CR; 
Rodríguez-Moldes et al., 2011), and tyrosine hydroxylase (TH; Carrera et al., 2012). To 
assess the neurochemical profile of precerebellar cells, we performed double labeling 
with these immunomarkers after application of the tracer to the cerebellum. To increase 
our knowledge on the nature of the precerebellar nuclei, we also carried out double 
labeling with antibodies raised against GAD (maker of GABAergic structures), 
glutamate (Glut) and NeuN, a marker of some neuronal populations associated with the 
cerebellum. These experiments revealed that precerebellar (retrogradely labeled) 
neurons in the lesser spotted dogfish were generally located in cell groups containing 
abundant cells immunoreactive to CR, Glut and NeuN, which were similar in size to the 
NB positive cells. After double labeling we observed that (see Table 5): 1) all 
precerebellar cell groups contained NB-CR double labeled cells; 2) in most 
145
precerebellar nuclei there were some Glut immunoreactive (-ir) precerebellar cells; 3) in 
some precerebellar nuclei, NB positive cells were also NeuN-ir; 4) NB-ChAT and NB-
TH double labeling of cells was unusual; and 5) NB labeling was lacking in 5-HT-ir and 
GAD-ir cells located in regions containing precerebellar neurons, which were generally 
larger than cerebellar-projecting cells. Immunoreactivity to these immunomarkers, 
especially to GAD, was observed in processes of the neuropil surrounding most of NB 
labeled cells.  
In the diencephalon, most of the pretectal and thalamic NB labeled precerebellar 
cells were CR-ir (Fig. 11A,B), but not Glut-ir or NeuN-ir (not shown). The surrounding 
neuropil showed moderate density of 5-HT-ir fibers, and low density of TH-ir, GAD-ir, 
and ChAT-ir fibers (Fig. 11C,D). 
The labeled precerebellar nuclei of the mesencephalic tegmentum showed 
similar neurochemical pattern (Figs. 11E-K). The precerebellar cells of both the 
mesencephalic reticular cell group (Fig. 11E-J) and the nucleus ruber (Fig. 11H-K) 
appeared among abundant CR-ir, Glut-ir and NeuN-ir tegmental cells. Neurobiotin 
labeled cells in these precerebellar groups also showed immunoreactivity to these 
immunomarkers, mainly Glut and CR. Neurobiotin labeled cells appeared in areas with 
5-HT-ir fibers in the neuropil, and these fibers surrounded some of the labeled cells 
(inset in Fig. 11K). These mesencephalic precerebellar populations are neighboring the 
dopaminergic cells of the ventral tegmental area (VTA) and substantia nigra (SN), and 
the serotoninergic cells of the rostral reticular formation. Specifically, reticular cells 
projecting to the cerebellum were lateral to the SN, recognizable by its TH-ir cells and 
the ChAT-ir and 5-HT-ir neuropil (Fig. 11F,G), although some of them appeared just on 
the edge of the SN and had similar size as nigral TH-ir cells (inset in Fig. 11J). 
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Moreover, the nucleus ruber was located in a TH-negative gap between the VTA and 
SN, and dorsally to a conspicuous GAD positive neuropil (Fig. 11J,K).  
In the rostral (isthmic) rhombencephalon, the NB labeled superior reticular cells 
(Fig. 12A-D) and the NB positive cells and fibers of the dorsolateral small isthmic 
group (Fig. 12E-H), were mostly CR-ir. Both precerebellar populations showed a 
neuropil with moderate density of 5-HT-ir fibers, mostly beaded. Nevertheless, we also 
observed dissimilarities between populations related to the neurochemical nature of 
cells and neuropil of the adjacent regions. Some NB labeled cells of the superior 
reticular formation were Glut-ir, and some of them were also NeuN-ir. They were 
roughly overlapping with a conspicuous group of NeuN-ir cells and with some 
serotoninergic cells, probably corresponding to the B9 group (Fig. 12B,C), and 
immersed in neuropil containing weakly GAD-ir or ChAT-ir fibers, and strongly TH-ir 
fibers (Fig. 12C,D). On the other hand, the small isthmic precerebellar group was 
located ventrolateral to an isthmic area showing conspicuous serotoninergic innervation, 
and lateral to the locus coeruleus (LC), as characterized by the presence of TH-ir cells 
(Fig. 12F-H). The NB positive fiber tracts of this group ran parallel to fibers positive for 
5-HT and GAD (Fig. 12G,H). Some NB labeled cells appeared occasionally in the LC 
(asterisk in Fig. 12G), but colocalization of NB and TH was infrequent (inset in Fig. 
12G).  
At the level of the cerebellar peduncle, the three precerebellar subpopulations of 
the cerebellar nucleus were similar in several respects (Fig. 12I-O). Most precerebellar 
cells showed colocalization with CR or Glut immunoreactivity (yellow cells in Fig. 
12I,J), but not with NeuN, even though NeuN-ir cells were observed in the three 
subpopulations (Fig. 12J). Additionally, the neuropil of the three subpopulations 
presented some double labeled NB-CR fibers (yellow fibers in Fig. 12I) and abundant 
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fibers and/or boutons single labeled for 5-HT, GAD, ChAT and TH (Fig. 12K-N). In 
some cases, faintly NB labeled cells were surrounded by boutons immunoreactive to 
these immunomarkers (yellow arrows in Fig. 12K,M). In the white matter of the 
cerebellar nucleus, richly innervated by NB fibers especially in the dorsomedial zone, 
there were scarce CR-ir and 5-HT-ir fibers (Fig. 12I,K,L), and abundant GAD-ir and 
ChAT-ir boutons (Fig. 12K-M). The NB positive fibers bent towards the medial 
cerebellar nucleus appeared to contact Glut-ir cells in this region (Fig. 12J), and some 5-
HT-ir fibers coursed in the same bent bundles (outlined arrows in Fig. 12L). 
Furthermore, dorsoventrally oriented NB positive fibers ran parallel to TH-ir fibers, but 
double labeled fibers were not observed (Fig. 12M and detail in Fig. 12O).   
Neurochemical similarities among different NB labeled precerebellar 
populations of the caudal rhombencephalon (inferior reticular formation, in Fig. 13A-E; 
and inferior olive, in Fig. 13F-K) were observed, but also some differences. In the 
inferior reticular formation, retrogradely labeled cells were located among CR-ir, 
ChAT-ir, Glut-ir and NeuN-ir cells. Double labeling showed some colocalization of 
these immunomarkers with NB labeling in cells of the lateral reticular area (Fig. 
13A,B). No colocalization of NB and 5-HT was observed in the raphe region, although 
the NB labeled cells were close to serotoninergic cells, mainly at the level of the raphe 
magnus (Fig. 13D). The neuropil of the inferior reticular formation generally presented 
a moderate density of fibers and/or boutons immunoreactive to 5-HT, GAD (Fig. 13C), 
ChAT and TH (Fig. 13E). Reticular cells adjacent to the inferior olive are Glut-NeuN 
double labeled cells (Fig. 13G), and 5-HT, TH or NB single labeled cells. Some of these 
reticular cells extended dendritic processes toward the olivary nucleus (outlined arrows 
in Fig. 13H,I,K), which contained NB positive cells double labeled with CR (Fig. 13F) 
and Glut (Fig. 13G). The neuropil surrounding these olivary cells presented abundant 
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GAD-ir, ChAT-ir and TH-ir boutons and moderate number of 5-HT-ir beaded fibers and 
boutons (Fig. 13H-K). Interestingly, ChAT-ir and TH-ir neuropil was less dense in the 
rostral subpopulation of the inferior olive (Fig. 13J) than in the caudal one (Fig. 13K). 
In the spinal cord, some NB labeled precerebellar cells were also CR-ir and 
located near the ChAT-ir cells of the motor column (Fig. 13L). Furthermore, some NB 
positive cells were also located ventromedially close to 5-HT-ir cells in an area 
abundantly innervated by 5-HT-ir and GAD-ir fibers (Fig. 13M). 
 
Evidence for early migrating neuroblasts arising from rhombic lips in Scyliorhinus 
canicula  
In sagittal sections through the lateral region of the rostral rhombencephalon of a 
stage 23 embryo, double labeling for DCX (marker of migrating neuroblasts) and 
HuC/D (marker of early neurons) was observed in the soma and processes of 
tangentially oriented cells located in the thin marginal zone outside the isthmic mantle 
zone and intermediate zone (Fig. 14A-C). Some of these cells extending in ventral 
direction (arrows in Fig. 14B,C), while others located more ventrally were oriented 
rostrocaudally (outlined arrow in Fig. 14B,C). We identified these DCX-HuC/D double 
labeled cells as tangentially migrating neuroblasts.  
In other experiment carried out later in development (at stage 30), the tracer was 
applied to the lower rhombic lips, and left to transport for three days (see table 1) and 
subsequently combined with DCX immunohistochemistry. Double labeled cells (i.e. 
colocalizing NB and DCX) were observed at different levels in the rhombencephalon. 
Some tangentially oriented cells were observed at marginal (Fig. 14D) and submarginal 
(Fig. 14E) ventrolateral regions of the caudal rhombencephalon, and also medially in 
the floor plate (Fig. 14F). Neurobiotin positive cells with the appearance of actively 
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migrating neuroblasts, extending short radial processes and colocalizing NB and DCX 
were also observed (Fig. 14G,H). Some of these cell processes were clearly identified as 
growth cones (Fig. 14G), and possible leading processes (Fig. 14H). As in this 
experiment the migrating neuroblasts (i.e. NB-DCX cells) appeared located far from the 
tracer application site (LRL), they could take the NB there before starting their journey 
toward ventrolateral regions. Additionally, when NB labeling was combined with 
immunohistochemistry to glial fibrillary acidic protein (GFAP, a glial marker), some 
NB positive radial processes were observed close to other GFAP-ir processes (Fig. 14I), 
suggesting some NB uptake by glial cells close to the tracer application point and/or a 
radial glia-mediated migration of labeled neuroblasts.  
In one embryo at stage 32 that presented NB labeling of precerebellar nuclei 
after application of tracer to the cerebellum, we have also observed tangentially oriented 
DCX -HuC/D double labeled cells at marginal levels near the lower rhombic lips 
(Fig.14J,K). In the same sections, cerebellar projecting (retrogradely labeled) cells were 
NB-HuC/D double labeled, but DCX negative (Fig. 14L,M), which would correspond to 
characteristics of differentiated neurons and not to that of migrating neuroblasts. 
 
DISCUSSION 
Neurobiotin and its transport in the lesser spotted dogfish brain 
The fast tracer used in this study (Neurobiotin) has the advantage that it can be 
easily combined with immunohistochemical techniques. Furthermore, it shows greater 
transport efficiency than classical neuronal tracers like horseradish peroxidase (HRP) 
because of its low molecular weight and similar efficiency to that of other modern 
tracers, like biotinylated dextranamine (BDA) and 1,1’-dioctadecyl 3,3,3’,3’ 
tetramethylindocarbocyanine perchlorate (DiI) (see Barreiro-Iglesias et al., 2008).    
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Due to the dual transport (anterogradely and retrogradely) of NB by neurons we 
could demonstrate the reciprocal connections between the cerebellar cortex and the 
cerebellar nucleus in the same experiment: nucleo-cortical projections (retrogradely 
labeled cells of the subventricular, medial and lateral cerebellar nucleus) and cortico-
nuclear projections (anterogradely labeled bundles of fibers directed towards the medial 
cerebellar nucleus). The latter represent Purkinje cell fibers, in agreement with results of 
previous studies in adult sharks using the Bodian silver impregnation method and HRP 
transport (Larsell, 1967; Paul and Roberts, 1984; Álvarez-Otero et al., 1996). However, 
the origin of other NB labeled fibers and fiber endings observed in the cerebellar 
peduncle could not be clearly discerned, since they could represent axons of Purkinje 
cells, cerebellar afferents or their collaterals.   
In relation to the cells of origin of NB labeled fibers observed outside the 
cerebellum and cerebellar nucleus, they most probably correspond with axons of 
precerebellar cells. Although classic studies in sharks described some Purkinje cell 
axons projecting out of the cerebellum (revised in Larsell, 1967; Nieuwenhuys, 1967), 
experimental studies with tracers and axonal degeneration applied to the cerebellar body 
so far failed to demonstrate such long projections and Purkinje cell axons were found to 
project only to the cerebellar nucleus (Ebbesson and Campbell, 1973; Paul and Roberts, 
1984; Fiebig, 1988; Álvarez-Otero et al., 1996). The present developmental study 
indicates that the arrival of some cerebellar afferent projections to the cerebellar body 
precedes the arrival of Purkinje axons to the cerebellar nucleus. Therefore, all 
extracerebellar NB labeled fibers after application of the tracer to the cerebellar body 




The cerebellar efferent pathways in sharks under an evolutionary perspective 
The concurrent presence in sharks of a cerebellar body with Purkinje cells and 
the cerebellar nucleus implies the appearance of indirect pathways for the outputs of the 
cerebellum in the earliest vertebrates with true cerebellum. These pathways (from 
cerebellar cortex to cerebellar nucleus and then towards extracerebellar regions) have 
been conserved in the most modern amniotes. Vertebrate groups with a divergent 
cerebellar evolution, as the actinopterygian fishes, have developed alternative output 
structures for the cerebellar body (eurydendroid cells) which do not form a definite 
cerebellar nucleus, but anyway maintained a largely indirect output from the cerebellar 
cortex (Finger, 1978a; Murakami and Morita, 1987; Huesa et al., 2003; Ikenaga et al., 
2005; Folgueira et al., 2006). Furthermore, in teleosts, birds and mammals some 
Purkinje cells (mainly in the vestibulocerebellum) directly project outside the 
cerebellum (Arends and Zeigler, 1991; Voogd et al., 1991; Straka et al., 2006), 
indicating the existence in some gnathostomes of a dual cerebellar cortex circuitry that 
includes both direct and indirect efferent pathways.  
 
Comparison of cerebellar afferents in the lesser spotted dogfish and other 
vertebrates 
Most of precerebellar nuclei observed in juveniles of the lesser spotted dogfish 
after NB application (present results) have also been observed in the thornback 
guitarfish after WGA-HRP (wheat germ agglutinin-horseradish peroxidase) and in the 
Atlantic stingray after BDA (byotinilated dextran amine) injections in the cerebellar 
body (Fiebig, 1988; Puzdrowski and Gruber, 2009). Differences were mainly due to 
differential designations of segmental territories.  
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In the diencephalon, the precerebellar lateral and central pretectal nuclei we 
described in the lesser spotted dogfish correspond to similar pretectal nuclei of the two 
batoids (Fiebig, 1988; Puzdrowski and Gruber, 2009), but a periventricular pretectal 
nucleus equivalent to that of the guitarfish was not distinguished in the dogfish. In the 
thalamus, the marginal precerebellar population in S. canicula corresponds to the dorsal 
accessory optic nucleus reported in the thornback guitarfish and Atlantic stingray. In the 
mesencephalon, reticular cells (probably equivalent to the ventral accessory optic 
nucleus and nucleus reticularis subcuneiformis of batoids) and cells of the nucleus ruber 
project to the cerebellar body in the three elasmobranch species. There has been some 
discrepancy about identification of a nucleus ruber in S. canicula because of the absence 
of a rubro-spinal tract, which is present in ray (Smeets and Timerick, 1981). 
Nonetheless, its existence was proved by the rubro-tectal pathway and its activation by 
stimulation of cerebellar nuclear cells (Smeets, 1982; Smeets et al., 1983). Furthermore, 
the nucleus ruber of non-mammalian vertebrates differs from that of mammals in their 
connections (Sarrafizadeh and Houk, 1994), but they may be considered homologous 
owing to their equivalent tegmental location. Some authors have also described a rubro-
cerebellar projection (from the nucleus ruber to the cerebellar cortex) in mammals and 
birds (Dietrichs and Walberg, 1983; Wild, 1992). The precerebellar cells observed in 
the superior reticular formation of the lesser spotted dogfish correspond to different 
nuclei described in batoids (Fiebig, 1988; Puzdrowski and Gruber, 2009) as forming 
part of the mesencephalic reticular formation. Since these batoids precerebellar nuclei 
were located caudally to the oculomotor nerve root and, on the basis of the segmental 
model proposed for S. canicula, they must actually belong to the rostral 
rhombencephalon. The lesser spotted dogfish isthmic group might be equivalent to the 
nucleus F described in batoids. Additionally, in both S. canicula and the thornback 
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guitarfish (but not in the Atlantic stingray) the locus coeruleus appeared to contain 
precerebellar cells. In S.canicula, nucleo-cortical cells were labeled in the 
subventricular, medial and lateral parts of the cerebellar nucleus; by contrast in the 
thornback guitarfish precerebellar cells of the cerebellar nucleus were described only in 
the medial and lateral parts (Fiebig, 1988), and do not appear to be present in the 
Atlantic stingray (Puzdrowski and Gruber, 2009). In mammals, nucleo-cortical 
projections arise from all subdivisions of the different cerebellar nuclei (Gould, 1979; 
Tolbert, 1982; Batini et al., 1989). At caudal rhombencephalic levels, the labeled 
precerebellar cells of the lateral reticular and the nucleus of the descending trigeminal 
root areas may be correspondent in all three species (Fiebig, 1988; Puzdrowski and 
Gruber, 2009; present results). With respect to the inferior olive, the existence of two 
different subpopulations also coincides in both shark and batoids (Kooy, 1916). 
Nevertheless, the extension of their subpopulations was different. Therefore, a similar 
topographic connection between the inferior olive and the cerebellum might occur also 
in S.canicula. The existence of climbing fibers had been questioned in elasmobranchs 
(for review, see Smeets et al., 1983), but there are morphological evidences of their 
existence in S. canicula (Álvarez-Otero et al., 1996). In the lesser spotted dogfish 
(present study) and batoids (Fiebig, 1988; Puzdrowski and Gruber, 2009), the 
demonstration of precerebellar cells in the inferior olive supports the existence of these 
fibers. Although precerebellar cells in the spinal cord were observed in the three 
elasmobranch species, cells in dorsal column were only observed in batoids (Fiebig, 
1988; Puzdrowski and Gruber, 2009).   
Similarities were also noted with regard to cerebellar efferents. In the cerebellum 
of the thornback guitarfish, Purkinje axons were described generally projecting to 
medial and lateral parts of the cerebellar nucleus and to an area located dorsally (Fiebig, 
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1988). Likewise, in lesser spotted dogfish we identified Purkinje axons directed towards 
the medial part of the cerebellar peduncle, and probably also those directed to its 
dorsomedial and lateral regions.  
Another similarity with results of experimental studies in batoids (Fiebig, 1988; 
Puzdrowski and Gruber, 2009) is the absence of labeled cells in the lesser spotted 
dogfish hypothalamus. Even after application of the tracer to the anterior lobe (or rostral 
part) of the cerebellar body, we have not observed any NB labeling in the 
hypothalamus. This does not support the existence of a lobo-cerebellar tract in 
chondrichthyans, as also suggested by Northcutt and Brunken (1984) and Fiebig (1988), 
and unlike classical descriptions of cells in the inferior hypothalamic lobe projecting to 
the cerebellum (Ariëns Kappers, 1906; Sterzi, 1912; Smeets and Boord, 1985).  
Some differences were also noted in the precerebellar populations of 
elasmobranchs. On the one hand, labeled cells in the mesencephalic trigeminal nucleus 
and raphe were not described in the thornback guitarfish or Atlantic stingray. 
Electrophysiological evidence supports the existence of a trigemino-cerebellar tract in 
Scyliorhinus and Mustelus (Roberts and Witkovsky, 1975). On the other hand, other 
precerebellar nuclei described in the thornback guitarfish and/or Atlantic stingray (such 
as oculomotor and trochlear nuclei, nucleus of the medial longitudinal fascicle, locus 
subcoeruleus or octaval nuclei) do not project to the cerebellar body in the lesser spotted 
dogfish; however, the possibility that they have some equivalence of batoids 
precerebellar reticular nuclei with the precerebellar groups observed along the S. 
canicula inferior reticular formation should be considered.  
Therefore, this study reveals that most of cerebellar body connections of the 
lesser spotted dogfish are coincident with those of batoids, even using different tract-
tracing methods. This allows us to establish a generalized pattern of cerebellar afferents 
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and efferents in cartilaginous fishes. Furthermore, as the morphology of the cerebellum 
in the lesser spotted dogfish is simpler than in batoids, afferent projections to the 
cerebellar body in this species are in all probability closer to the ancestral condition, 
making Scyliorhinus canicula a useful model to study the development of basic 
cerebellar connections in chondrichthyans.  
Comparison of experimental results on the precerebellar nuclei reported in bony 
fishes with those obtained in elasmobranches indicates that some afferents to the 
cerebellar body are shared between cartilaginous and bony fishes. Hodological studies 
reported the afferents to the cerebellar body both in primitive (the Siberian sturgeon 
Acipenser baeri; Huesa et al., 2003) and modern (teleosts: Finger, 1978b; Ito et al., 
1982; Meek et al., 1986a,b; Wullimann and Northcutt, 1988; Xue et al., 2004; Folgueira 
et al., 2006) bony fishes. In teleost species precerebellar neurons were mainly observed 
in the diencephalon (mainly in pretectal nuclei, which are highly specialized), 
mesencephalon (mostly in the lateral valvular nucleus, but also in the Edinger-Westphal 
nucleus and perilemniscular tegmentum) and rhombencephalon (locus coeruleus, 
descending octaval nucleus, nucleus of the descending trigeminal root, nucleus of the 
commissure of Wallenberg, raphe nucleus, lateral reticular nucleus, inferior reticular 
formation and inferior olive), and in the spinal cord. All bony fishes have extensive 
pretecto-cerebellar projections, as elasmobranchs. Thalamo-cerebellar projections were 
observed in some teleosts (catfish: Karten and Finger, 1976: sunfish and goldfish: 
Wullimann and Northcutt, 1988; holocentrids: Xue et al., 2004). Unlike teleosts, which 
exhibit highly specialized mesencephalic precerebellar nuclei, the precerebellar neurons 
of the mesencephalon in the A. baeri appear scattered without forming defined nuclei 
(Huesa et al., 2003) and are more similar to those observed in S. canicula. On the other 
hand, most precerebellar populations of the teleost rhombencephalon are comparable to 
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precerebellar populations observed in the lesser spotted dogfish. The inferior olive is a 
conspicuous cell group that has been described in all fish groups (Kooy, 1916), although 
its presence in agnathans has not been definitively proved. Its projections to the 
cerebellar body have been demonstrated in all groups of bony and cartilaginous fishes 
(Wullimann and Northcutt, 1988; Fiebig, 1988; Huesa et al., 2003; Xue et al., 2004; 
Folgueira et al., 2006; present results). Different experimental approaches have 
demonstrated that in teleosts axons of inferior olivary cells end in the cerebellar body as 
climbing fibers (Finger, 1983; Xue et al., 2008; Bae et al., 2009), and this is assumed to 
occur in other jawed fishes, including elasmobranchs (Fiebig, 1988; Álvarez-Otero et 
al., 1996; Puzdrowski and Gruber, 2009; present results). 
 
Insights into development of cerebellar connections in elasmobranchs  
Pretecto-cerebellar connections are largely known to be related to cerebellar 
control of visual reflexes in amniotes (for review, see De Castro et al., 1998), mediating 
the optokinetic reflex. This could be also applied to elasmobranchs due to the existence 
of precerebellar cells in the pretectum and thalamus (Fiebig, 1988; Puzdrowski and 
Gruber, 2009; present results), which correspond to diencephalic nuclei that receive 
retinal projections (for review, see Smeets et al., 1983). On the other hand, the 
maturation of photoreceptors in the retina of the lesser spotted dogfish, which begins at 
early stage 32 and is completed at the end of this stage (Ferreiro-Galve et al., 2010), is 
nearly concurrent with the development of pretecto-cerebellar projections (present 
results). This supports the possibility that the onset of control of visual reflexes by the 
cerebellum occurs at the beginning of stage 32, which would be related to the functional 
maturation of the retina. 
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The observation of bending axons coming from the cerebellar cortex and 
directed towards the medial part of cerebellar peduncle at intermediate stage 32 is 
indicative of the onset of Purkinje cells maturation at this moment, which is in support 
of identification of this type of axons in juveniles (see above). Conversely, the bending 
fibers coming from rhombencephalic tegmentum observed in embryos could correspond 
to collateral axonic processes or secondary branches of cerebellar afferents (Ruigrok et 
al., 1995).  
The NB labeled fibers observed in the ganglion of trigeminal nerve could 
correspond to the trigeminal fibers projecting to cerebellum described in previous 
studies (for review, see Larsell, 1967). Because the diffusion of the tracer cannot be 
completely discarded, the possibility that labeled fibers in the trigeminal nerve may 
come from labeled neurons of mesencephalic trigeminal nucleus may be also 
considered. However, the labeling of these cells supports the cerebellar projection of 
these mesencephalic trigeminal cells along the trigeminocerebellar tract demonstrated in 
Scyliorhinus by Roberts and Witkovsky (1975). In the caudal rhombencephalon, 
reticular cells projecting to cerebellum were not labeled until late embryos, despite the 
fact that many rhombencephalic nuclei start to differentiate at earlier stages (Rodríguez-
Moldes et al., 2011). This observation may be attributed to the completion of the axonal 
growth being coincident with the establishment of layering in the cerebellar cortex at 
stage 32 (Rodríguez-Moldes et al., 2008). In fact, the gradual increase in incoming 
cerebellar afferents observed along the stage 32 (present results) coincides with the 
progressive growth and maturation of the granular eminences (Rodríguez-Moldes et al., 
2008). In adults, these lesser spotted dogfish eminences contain conspicuous mossy 
fiber rosettes (Álvarez-Otero, 1990; Anadón et al., 2009), the type of fiber terminals 
produced by most of the cerebellar afferents. 
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In the inferior olive, the observation of first cells projecting to the cerebellum at 
intermediate stage 32 indicates that the first climbing fibers reach their cortical targets 
by this stage, which is concurrent with the observation of the first labeled Purkinje cell 
axons in the cerebellar peduncle (see above). This suggests that the maturation of the 
olivo-cerebellar circuit begins when the Purkinje cell layer is well defined at stage 32 
(Rodríguez-Moldes et al., 2008; Chaplin et al., 2010). The gradual increase in the 
number of labeled Purkinje cell axons in the cerebellar peduncle and of retrogradely 
labeled cells in the inferior olive suggests a progressive maturation of Purkinje cells, 
and progressive growth of axons of inferior olive cells, too. This is supported by the 
absence of migrating cells (DCX negative) and the presence of differentiated neuronal 
somata (HuC/D positive) in the inferior olive area at intermediate stage 32 observed in 
this work. The inferior olive of fishes has been considered to be homologous to the 
medial accessory olivary nucleus of mammals (Kooy, 1916; Crosby, 1969), which 
consists of different cell types (De Zeeuw et al., 1998). Our observations of two 
morphological precerebellar cell types (mostly round and only a few elongated) both in 
embryos and in juveniles, and previously reported in adults (for review, see Smeets et 
al., 1983), would support this equivalence with mammals.  
First connections between the spinal cord and cerebellum appeared at the 
beginning of stage 32, before the onset of the first olivo-cerebellar projections. 
Furthermore, the presence of labeled fibers in the anterior medullary velum and 
cerebellar peduncle at early stage 32 after applying the tracer to the rostral spinal cord 
revealed that the two spino-cerebellar tracts develop rather early. These tracts have been 
considered as the homologs of the ventral and dorsal spino-cerebellar tracts of higher 
vertebrates (Ariëns Kappers, 1921). Our developmental observations are consistent with 
the statement that this ascending spinal system ends mostly ipsilaterally in the 
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cerebellum (Ariëns Kappers et al., 1936). The contralateral retrogradely labeled cells in 
the spinal cord of the lesser spotted dogfish could be related with an unsuccessful 
location of ipsilateral cells or a much caudal location of these cells. An intriguing 
observation was the labeling of some Rohon-Beard cells located in the dorsal marginal 
zone of the embryonic spinal cord (not shown). Whether these transient primary sensory 
cells actually project or not to the cerebellum, cannot be ascertained since the possibility 
that they took the tracer via dendritic endings in the skin during the application 
procedure cannot be ruled out.  
Our observations reveal the progressive increase in number of NB labeled cells 
in each precerebellar nucleus over time, which could reflect an increase in the number 
of synaptic terminals produced by precerebellar fibers during development.  
 
Comparative developmental pattern of precerebellar nuclei  
The order of appearance of spino-cerebellar and olivo-cerebellar projections in 
the lesser spotted dogfish is similar to that reported in birds (Okado et al., 1987; 
Chedotal et al., 1996; Arakawa et al., 2008)and mammals (Ashwell and Zhang, 1992; 
Paradies and Eisenman, 1993; Grishkat and Eisenman, 1995). Spino-cerebellar fibers 
reached its target (at early stage 32 in lesser spotted dogfish, HH33 in chick, E15 in rat 
and E13/14 in mouse) before cerebellar projecting fibers of the inferior olive (at 
intermediate stage 32 in lesser spotted dogfish, HH35 in chick, E17 in rat and E15/16 in 
mouse). The embryonic stage when spino-cerebellar fibers reach the cerebellum, 
roughly coincides with the transition between the second and third developmental 
periods proposed by Rodríguez-Moldes et al. (2011). Nevertheless, the cerebellar 
connection of the different precerebellar nuclei in lesser spotted dogfish happens in a 
relatively shorter period of time than in chick and rat embryos, as shown in Figure 15. 
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An extended period of development of cerebellar afferents could allow a further 
refinement of synaptic connections in amniotes cerebellum, especially in rats, which is 
probably related to much more complex circuits of control of movements.  
The arrival to the cerebellum of inferior olive projections appears to happen at 
roughly equivalent developmental stages in dogfishes, chicken and rats. Accordingly, it 
may allow us to establish counterpart or homologous stages with respect to the 
development of the cerebellar system in the three species, even though at that time, at 
least in mammals, the cerebellum and more specifically Purkinje cells, have not 
generally completed their maturation (Ohtsuki and Hirano, 2008; Kaneko et al., 2011). 
Previous studies describing climbing fiber synapses with Purkinje perikarya in the adult 
lesser spotted dogfish (Álvarez-Otero et al., 1993) have found similarities with transient 
phases of synaptogenesis that happens during development in mammals, particularly 
with the “phase du nid” of Cajal (1911), when climbing fibers start to connect with 
Purkinje cell perikarya. Our results support the suggestion that the first phase of 
connections of climbing fibers with Purkinje cells in the rat correspond to the primordial 
condition observed in elasmobranchs (Álvarez-Otero, 1990).   
With regard to the arrival of projections of other precerebellar nuclei, as the 
lateral reticular nucleus and the nucleus of the descending trigeminal root (spinal tract), 
they appear after the arrival of spinal and olivary afferents both in rats (Ashwell and 
Zhang, 1992) and the lesser spotted dogfish . However, in this shark it happens 
relatively earlier in development (see Fig. 15). Another shared feature is that the 
appearance of cerebellar connections does not occur in a rostro-caudal direction 
(Ashwell and Zhang, 1992). In fact, in the lesser spotted dogfish, spinal connections 
arrive at the cerebellum before those from the caudal rhombencephalon (at early and 
intermediate stage 32, respectively). However, except for the spinal cord and the nuclei 
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of the diencephalon, the connections of the rest of precerebellar nuclei present a 
centrifugal order of arrival at the cerebellum. On the other hand, in the lesser spotted 
dogfish precerebellar cells of the raphe nuclei were labeled during development, which 
differs from that reported in the rat (Ashwell and Zhang, 1992).  
In Xenopus laevis, the arrival at the cerebellum of most of cerebellar afferent 
connections is concentrated in a quite short period of time (van der Linden and ten 
Donkelaar, 1987). Nevertheless, the order of arrival differs from the order observed in 
S. canicula, in that the cerebellar afferent connections arising from vestibular nuclei, 
inferior olive, trigeminal and reticular nuclei arrive first, followed by the connections 
from spinal cord cells and cells of the region of the motor nucleus of the vagal nerve. 
These developmental dissimilarities of Xenopus with respect to the lesser spotted 
dogfish and amniotes could be due to the major changes that frog tadpoles suffer during 
metamorphosis. Additionally, in Xenopus, retrogradely labeled precerebellar cells from 
the mesencephalic tegmentum or inferior raphe nucleus (as in the rat, see above) were 
not observed during development (van der Linden and ten Donkelaar, 1987).  
 
Neurochemical characterization of precerebellar nuclei in the lesser spotted 
dogfish: a comparative study 
The combined tract-tracing and neurochemical study of precerebellar neurons of 
Scyliorhinus canicula revealed that NB labeled cells mostly colocalized with CR and 
Glut, the Glut-ir probably corresponding with glutamatergic or excitatory cells. The 
NB-NeuN double labeling was confined to reticular cells in the mesencephalic and 
rhombencephalic tegmentum. The neuropil surrounding precerebellar nuclei showed 
generally numerous GAD-ir processes, which indicates GABAergic (inhibitory) 
innervation. In addition, some precerebellar nuclei (reticular formation, cerebellar 
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nucleus and inferior olive) were also innervated by serotoninergic (5-HT-ir), 
catecholaminergic (TH-ir) and cholinergic (ChAT-ir) fibers.  
A noticeable observation in the lesser spotted dogfish was that all precerebellar 
nuclei contained CR-ir precerebellar cells. CR-ir precerebellar cells were also reported 
in the pretectum and mesencephalon in birds (De Castro et al., 1998; Iwaniuk et al., 
2009), and in the spinal cord in mammals (Fu et al., 2012), suggesting shared features. 
In anamniotes, although the CR has been identified in nuclei recognized as precerebellar 
nuclei (Castro et al., 2006; Morona and González, 2009; Graña et al., 2012), its 
projection to the cerebellum had not been demonstrated by tracer-CR double labeling. 
So, this is the first study in anamniotes demonstrating that all precerebellar nuclei 
contain CR-ir cells projecting to cerebellum. In amniotes, CR has been related to 
protection of neurons from potentially damaging intracytoplasmic concentrations of 
calcium (De Castro et al., 1998), regulation of calcium pools critical for synaptic 
plasticity (Schwaller et al., 2002), association to both excitatory and inhibitory cells (Fu 
et al., 2012), and prevention of overexcitation of the cerebellar-projecting cells (Iwaniuk 
et al., 2009). CR may play similar roles in fishes. 
The NeuN protein, though it is a general neuronal marker, shows a differential 
expression in the cerebellar system, being present in granule cells and absent in Purkinje 
cells. In addition, it is present in precerebellar nuclei such as the lateral reticular nucleus 
but absent in inferior olivary neurons (Mullen et al., 1992; Wolf et al., 1996; Ono et al., 
2004). Similar pattern has been observed in the cerebellar body of the lesser spotted 
dogfish (results not shown) being also a very useful marker to discern the NeuN 
negative cells of the inferior olive from the NeuN positive precerebellar neurons of the 
reticular formation. 
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 The cerebellum of the lesser spotted dogfish receives projections from putative 
glutamatergic and cholinergic cells, as observed by means of NB-Glut and NB-ChAT 
double labeling. This suggests that most cerebellar afferents are excitatory, which is in 
agreement with results from electrophysiological studies of evoked potentials in 
elasmobranch cerebellum in response to peripheral and white matter stimulation (Paul, 
1967; Young, 1980; Paul and Roberts, 1983). Excitatory (glutamatergic or cholinergic) 
inputs from the rhombencephalic reticular cells projecting to the cerebellum were also 
described in mammals (Wang et al., 1993; Lan et al., 1995).     
The presence of monoaminergic (5-HT-ir and TH-ir) precerebellar nuclei differs 
among vertebrates. In amniotes, retrogradely labeled precerebellar cells showing 5-HT 
immunoreactivity were found in different regions of the brainstem, although they were 
generally scant (Ito, 1984; Bishop and Ho, 1985; Walker et al., 1988; Kerr and Bishop, 
1991). Precerebellar cells double labeled with different tracers and immunomarkers of 
catecholamines were also found in the ventral tegmental area, locus coeruleus and 
reticular formation of amniotes (Tohyama, 1976; Ikai et al., 1992). Nevertheless, in 
fishes, precerebellar cells do not appear to colocalize with 5-HT or TH 
immunoreactivity (Meek et al., 1986b), except for some NB-TH double labeled cells 
reported in the locus coeruleus in the thornback guitarfish (Fiebig, 1988). In the lesser 
spotted dogfish, despite the abundance of 5-HT-ir and TH-ir fibers in the cerebellar 
cortex and cerebellar peduncle (Carrera et al., 2008, 2012; present results), we only 
observed very few NB-TH double labeled cells in the locus coeruleus but any NB-5-HT 
double labeled cells. A possible explanation for the scant number of monoaminergic 
precerebellar cells observed in lesser spotted dogfish is that their axons had widespread 
ramification, as it has been described for some serotoninergic populations in mammals 
(Bishop and Ho, 1985), making difficult to label them in transport experiments. 
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Moreover, the existence in dogfish of cerebellar afferents that do not uptake efficiently 
Neurobiotin cannot be ruled out.    
In the lesser spotted dogfish cerebellar nucleus, previous studies have revealed 
the presence of Glut-ir and GABA-ir cells (Álvarez-Otero et al., 1996). In the present 
work we show that some Glut-ir nuclear cells actually project to cerebellar cortex (NB-
Glut double labeling), suggesting they provide excitatory feedback from the nucleus. 
Nevertheless, some Glut-ir cells in the subventricular region that contain glutamate may 
also express GABAergic markers, as suggested in adults (Álvarez-Otero et al., 1996). 
Thus, the possibility that the lesser spotted dogfish cerebellar nucleus provides 
GABAergic (inhibitory) feedback to the cerebellar cortex cannot be ruled out. Nucleo-
cortical projections from GABAergic and glutamatergic cells to cerebellar cortex have 
been described in the rat (Tolbert, 1982; Batini et al., 1992). 
The inferior olive deserves special attention, because of the functional 
importance of the olivo-cerebellar climbing fiber system, as it is involved in learning 
and the timing of movements (De Zeeuw et al., 1998). The neurochemical markers of 
the olivo-cerebellar system in the lesser spotted dogfish were rather similar to that 
described in other vertebrates. As in mammals (Barmack et al., 1993), dogfish inferior 
olivary cells are immunonegative for ChAT (Anadón et al., 2000; present results) but, 
as in birds, some cells were CR-ir (De Castro et al., 1998; Iwaniuk et al., 2009). 
Although in the rat some cells of the inferior olive were GAD-ir (Fredette et al., 1992), 
in the lesser spotted dogfish these cells were not observed in the nucleus although GAD 
immunoreactivity was clearly distinguished in the surrounding neuropil. In the case of 
NB-Glut-ir olivary cells, they probably represent glutamatergic cells, as it was shown in 
mammals (Miyazaki et al., 2003) and birds (Islam and Atoji, 2008).   
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Concerning the innervation of the lesser spotted dogfish inferior olive we have 
also found some correspondence with other gnathostomes. The GAD immunoreactivity 
described in the inferior olive neuropil may correspond with the conspicuous 
GABAergic innervation of the inferior olive in mammals (Fredette and Mugnaini, 
1991). In mammals, the inferior olive largely receives GABAergic projections from the 
cerebellar nuclei (Monaghan et al., 1986; Schwarz and Schmitz, 1997; Sotelo and 
Chedotal, 2005). If GABA-ir cerebellar nuclear neurons also project to the inferior olive 
in the lesser spotted dogfish has not been investigated. Furthermore, in mammals, the 
inferior olive was also innervated by serotoninergic (Bishop and Ho, 1986), 
dopaminergic (in the ventrolateral outgrowth of inferior olive, (Toonen et al., 1998) and 
cholinergic (ChAT-ir associated to the dorsal cap, a small caudal subnucleus of the 
medial accessory olive; Barmack et al., 1993; Caffe et al., 1996) fibers. Whether 
neurochemically different neuropil territories are also present in the lesser spotted 
dogfish has not been investigated, although TH-ir and ChAT-ir boutons are mostly 
observed in the caudal subpopulation of the inferior olive. The existence of two cell 
subpopulations in the inferior olive of S. canicula receiving different types of 
innervation, previously suggested with calcitonin gene-related peptide-like (CGRP) in 
adults (Molist et al., 1995), could be involved in differential topographic olivo-
cerebellar projections previously reported in the thornback guitarfish (Fiebig, 1988; 
Puzdrowski and Gruber, 2009; see above) and bony fishes (Meek et al., 1986b). In 
mammals, the topographic correspondence between the different parts of inferior olive 
and cerebellar cortex is much more complex (Sugihara and Shinoda, 2007). Therefore, 
certain neurochemical similarities seem to be maintained throughout evolution.    
The olivary glomeruli are defined as the set of dendritic processes of cells of the 
inferior olive and their associated excitatory and inhibitory fiber endings arising from 
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different nuclei (De Zeeuw et al., 1998; Sotelo, 2004; Sotelo and Chedotal, 2005). In the 
lesser spotted dogfish olivary glomeruli were not anatomically outlined, although 
tangles of dendrites of NB labeled cells (illustrated in Fig. 9L) and multiple fiber 
endings positive for the different immunomarkers were observed in the area of the 
inferior olive. This complex organization suggests that the inferior olive integrates 
information from different motor and sensorial areas, and that it is involved in timing 
and learning functions, as reported in mammals. The combined excitatory and inhibitory 
inputs to dendritic spines of olivary cells are compatible with both the timing and 
learning hypothesis (De Zeeuw et al., 1998).   
 
Towards the identification of rhombic lip derivatives in shark  
We approached the origin of precerebellar neuronal populations in the lesser 
spotted dogfish rhombencephalon by studying developmental stages with markers for 
migrating neuroblasts, and by applying NB to the lower rhombic lip in vitro. The 
observation of colocalization of DCX-HuC/D immunoreactivity in cells of the outer 
layer of the neural tube (rostral hindbrain) in the earliest embryos studied (S23) revealed 
the presence of tangentially migrating neuroblasts. They could correspond to cells of the 
tangential migratory stream from the upper rhombic lip (URL), because the neuroblasts 
appear to migrate dorsoventrally and then change their direction, rostral or caudalwards. 
This kind of migrations of neuroblasts from the URL has been demonstrated 
experimentally in zebrafish (Köster and Fraser, 2001; Distel et al., 2010; Volkmann et 
al., 2010; Wullimann et al., 2011), chick (Lin et al., 2001; Wilson and Wingate, 2006) 
and mouse (Gilthorpe et al., 2002; Wang et al., 2005). Of note, the onset of migration of 
some URL derived cell types happens earlier than in those derived from lower rhombic 
lip (LRL) (Wang et al., 2005), as we have observed in S. canicula.  
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The NB-DCX containing cells observed in the embryonic lesser spotted dogfish 
rhombencephalon at stage 30, three days after the tracer was applied to the LRL, would 
correspond to tangentially migrating cells that had taken the tracer in the LRL and then 
moved away this lip, as suggested by the expression of DCX in these cells. Therefore, 
these markers provide some evidence of the existence of relatively fast migrations of 
cells derived from the LRL. According to results of experimental studies in mouse and 
chick embryos (Ono et al., 2004; Kawauchi et al., 2006; Okada et al., 2007; Watanabe 
and Murakami, 2009), they could correspond to different prospective precerebellar 
nuclei, depending on their location. In the case of the migrating cells (NB-DCX double 
labeled), the marginal cells could correspond to forerunners of reticular cells, while 
submarginal cells could represent forerunners of the inferior olive, since it has been 
previously reported that they follow marginal and submarginal pathways, respectively 
(Kuwako et al., 2010). Then, the migrating neuroblasts located at the floor plate midline 
and those radially oriented could also correspond to prospective lateral reticular nucleus, 
because some authors (Kawauchi et al., 2006; Okada et al., 2007) describe this 
population in mammalian embryos as crossing the midline and secondarily radially 
migrating. The existence in lesser spotted dogfish embryos of two types of close 
processes labeled for NB and GFAP shown in Figure 14I provides some evidence of the 
association of migrating neuroblasts (NB labeled) with radial glia processes (GFAP-
labeled) during secondary radial migration, as described in mammals (Kawauchi et al., 
2006). 
Additionally, the DCX-HuC/D double labeled cells observed at stage 32 
embryos in the margin of the rhombencephalon suggest that the tangential marginal 
migratory stream is maintained during this stage. These cells could be derived from the 
lower rhombic lip and thus interpreted as precursors of precerebellar nuclei. In fact, 
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there is evidence that Pax6, a transcription factor present in rhombic lip and in cells 
migrating away from it to form precerebellar nuclei (Engelkamp et al., 1999), is 
contained in cells forming a marginal stream in the rhombencephalon of S. canicula 
embryos at stages 31 and 32 (Ferreiro-Galve, 2010). On the other hand, the fact that 
cerebellar projecting (retrogradely labeled) cells observed at stage 32 embryos were 
differentiated neurons suggests that NB-DCX double labeled cells observed in stage 30 
(Fig. 14D-I) correspond to neuroblasts that had taken the tracer in the application site 
(LRL) previously to the onset of migration, but not to retrogradely labeled cells via their 
axonal processes.  
Although the existence of tangential migratory streams of neuroblasts from the 
upper and lower rhombic lips in sharks appears evident, it would be interesting to carry 
out studies to more accurately characterize these tangential migratory pathways, to 
genetically identify the rhombic lip derivatives and to elucidate their cell lineage and 
destination. From a comparative point of view, such studies would improve our 
knowledge on the evolution of these migratory processes and development of 
precerebellar nuclei.  
 
CONCLUSIONS 
Present results represent the first developmental study of connections of the 
cerebellar body in fishes. The characterization of precerebellar nuclei in the lesser 
spotted dogfish done following a segmental model of the brain, reveals similarities with 
other cartilaginous fishes and also shared traits with other vertebrates. Regarding to the 
developmental analysis, these results revealed that incoming of cerebellar afferents is 
concurrent with the establishment of layering in the cerebellum. Then new precerebellar 
neurons become gradually demonstrable by retrograde transport, which reflects the 
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progressive maturation of the granular and Purkinje cell layers. The first axons of 
Purkinje cells reach the cerebellar peduncle at the time when the first precerebellar 
neurons of the inferior olive became retrogradely labeled (intermediate stage 32), 
characterizing the onset of Purkinje cells differentiation. Moreover, the knowledge of 
the development of the olivo-cerebellar projection may allow comparisons with the 
olivo-cerebellar system of other gnathostomes. The development of the spino-cerebellar 
projections in the lesser spotted dogfish precedes that of the olivo-cerebellar projection, 
as in amniotes, suggesting that cerebellar afferents from the spinal cord were involved 
in early control by the cerebellum of body movements. The similarities reported here 
between the neurochemical signature of the diverse precerebellar nuclei of the lesser 
spotted dogfish and those in amniotes probably indicate high degree of evolutionary 
conservation. Additionally, the existence of tangential and radial migrations of 
precerebellar cells originated in the rhombic lips in S. canicula suggests that the 
developmental pattern of precerebellar nuclei appeared very early in gnathostome 
evolution, and has been well preserved in gnathostome phylogeny.   
In summary, the findings of the present hodologic, neurochemical and 
developmental study of precerebellar centers in the lesser spotted dogfish show 
numerous similarities between this shark and tetrapods, some of which may represent 
synapormorphies or homologies. Therefore, studies in this species shed light on the 
ancestral organization of the cerebellar system, and mark again Scyliorhinus canicula as 
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AMV anterior medullary velum 
bc blood cell 
bv blood vessel 
Cb cerebellum 
cc central canal 
CN cerebellar nucleus 
CP cerebellar peduncle 
CPdm dorsomedial zone of the cerebellar 
peduncle 
Di diencephalon 
e sulcus e 
fr fasciculus retroflexus 
GR cerebellar granular layer 
Ha habenula 
III oculomotor nucleus 
IIIn oculomotor nerve 
IO inferior olive 
IOc caudal part of the inferior olive 
IOr rostral part of the inferior olive 
IP interpeduncular nucleus 
ir immunoreactive 
ISg isthmic group 
ISn isthmic nucleus  
IVn trochlear nerve  
IXn glossopharyngeal nerve  
Juv juvenile 
L lateral region of the cerebellar 
nucleus 
LAL lower auricle leaf 
LC locus coeruleus 
LRL lower rhombic lip 
LRn lateral reticular nucleus 
M medial region of the cerebellar 
nucleus 
Mes mesencephalon 
MOL molecular layer 
nlla anterior lateral line nerve 
OT optic tectum 
p1-3 prosomeres 
Pc posterior commissure 
pi pineal organ 
Pret pretectum 
PretC pretectal central nucleus  
Pro posterior recess organ 
PTh prethalamus 
r1-8 rhombomeres 
Ra raphe nucleus 
ret reticular cells 
RetI inferior reticular formation 
RetS superior reticular formation 
Rh rhombencephalon 
Rub nucleus ruber 
S subventricular region of the 
cerebellar nucleus 
sid sulcus intermedius dorsalis 
slH sulcus limitans of His 
SN substantia nigra 
Spc spinal cord 
Th thalamus 
Thm medial part of the thalamus 
UAL upper auricular leaf 
URL upper rhombic lip 
Vd descending trigeminal root nucleus 
VH ventral horn 
VI abducens nerve 
VIIn facial nerve 
VIIIn octaval nerve  
Vme mesencephalic trigeminal nucleus 
Vn trigeminal nerve  
VTA ventral tegmental area 
W white matter of cerebellar nucleus 
Xn vagal nerve  
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Table 1. Number of embryos and juveniles used in tract-tracing experiments. The tracer 
was applied to the caudal lobe of the cerebellar body, except for those marked with one, two and 
three asterisks in which tracer was applied to the lower rhombic lip, spinal cord and anterior 



























































3.5 (4) 4.1 (4) 4.9 (4) 5.8 (3) 6.8 (4) 9 (3) 
 3.6 (4) ** 4.3(4)** 4.9 (3) 6 (2.5) 6.9 (4) 9.8 (2)*** 
 3.7 (4) 4.4 (3) 5.2 (4)  7.5 (3) 9.9 (4) 
   5.4 (2)   10 (3)*** 
      10 (3) 
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Antibody Inmunogen Producer Catalog 
number 




DCX Synthetic peptide 
corresponding to 
human DCX 
coupled to keyhole 
limpet hemocyanin 
(KLH) 
Cell Signaling  
Technology, 
Beverly, MA 
4604 Rabbit N/A Polyclonal 1/300 











20080 Rabbit 924005 Polyclonal 1/2500 
CR Recombinant 
human calretinin 
containing a 6-his 





7699/3H Rabbit 18299 Polyclonal 1/250 
GFAP Human and cow 
serum proteins 




Immunosolution IG1006 Rabbit 2907 Polyclonal 1/500 




AB144P Goat JC1663901 Polyclonal 1/100 







A-21271 Mouse 16A11 Monoclonal 1/100 
NeuN Purified cell nuclei 
from mouse brain 
Millipore, 
Billerica, MA 
MAB377 Mouse LV1427917 Monoclonal 1/250 




MAB318 Mouse NG1899912 Monoclonal 1/500 
GAD65/67 L-GAD partially 
purified from rat 
brain synaptosomes 
Drs. I. Kopin and 
W. Oertel 
N/A Sheep N/A Polyclonal 1/20000 
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Table 4. Sequence of appearance of the main neuronal groups projecting to cerebellum 
during development revealed by application of tracer to the cerebellar body. The onset of spino-
cerebellar connections was also studied by application of the tracer to the rostral spinal cord in 
















A10040 Donkey  1/150 




A21206  Donkey 1/200 




A31571  Donkey 1/100 




 A-21100  Donkey 1/100 




A11055  Donkey 1/100 




A21082  Donkey 1/100 
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Table 5. Summary of neurochemical characterization of precerebellar cell groups in 
juveniles after application of tracer to the cerebellar body and subsequent combination with 
different immunohistochemical neuronal markers (CR, Glut, NeuN, ChAT, 5-HT, TH and 
GAD). (+) indicates neuronal colocalization (double labeled cells), (-) no colocalization and 
(ND) not determined. Asterisk indicates very low frequency of colocalization. For 







































CR-ir cells + + + + + ND + + + + + 
Glut-ir cells - + + + ND ND + + + + ND 
NeuN-ir cells - + - + ND ND - + - - ND 
ChAT-ir cells - - - - - - - + - - - 
5-HT-ir cells - - - - - - - - - - - 
TH-ir cells - - - - - +* - - - - ND 
GAD-ir cells - - - - - - - - - - - 
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Figure 1. Immunoblots of SDS-polyacrylamide gel of S. canicula adult brain protein 
extracts stained by anti-glutamate (Glut, lane 1), anti-doublecortin (DCX, lane 2) and anti-
calretinin (CR, lane 3) antibodies. DCX and CR lanes showed single bands of about 45 kDa and 


























Figure 2. Schematic drawings of sagittal (A, K) and selected transverse (B-J) sections 
of the brain (without telencephalon) of juvenile Scyliorhinus canicula, showing the distribution 
of retrogradely labeled (cerebellar afferent) cells (black circles) from diencephalic to spinal 
levels and the main afferent pathways (K), after application of the tracer to the cerebellar body 
(shaded area in A and G). Grey circles in A correspond to nucleo-cortical projecting cells in the 
cerebellar peduncle. In the sagittal representations it is also indicated: the level of transverse 
sections schematized in this figure (B-J) and the level of photographs in figures 5-9 (black lines 
in A); the interprosomeric, diencephalo-mesencephalic, mesencephalo-rhombencephalic and 
interrhombomeric boundaries (white dashed lines in A and K); and the alar-basal boundary 
(grey dotted line in A and K). The exit of some cranial nerves (III, V, VI, VII, VIII, IX and X) is 




















Figure 3. Summary of the ipsilateral (right side) and contralateral (left side) cerebellar 
afferents observed in juveniles of S. canicula. Median structures are represented in the middle. 

























Figure 4. Schematic representations of sagittal (A-D) and transverse (E-R) sections of 
the brain (without telencephalon) of S. canicula embryos at early (A,E-I), intermediate (B) and 
late (C,J-R) 32 stages and at 33 stage (D), showing the distribution of retrogradely labeled 
neurons (black circles) after application of the tracer to the cerebellar body (shaded area in A-
D,I,O). Grey circles correspond to nucleo-cortical cells in the cerebellar nucleus. In the sagittal 
schemes it is also represented: the level of transverse sections in this figure (E-R) and of 
photographic details in Figures 5-10 (black lines in A-D), the interprosomeric, diencephalo-
mesencephalic, mesencephalo-rhombencephalic and interrhombomeric boundaries (white dotted 
lines in A-D) as well as the alar-basal boundary (grey dotted line in A-D). The exit of some 





















Figure 5. Transverse sections through the diencephalon and mesencephalon of embryos 
at early 32 (A,I), intermediate 32 (B,J), late 32 (C,D,M) and 33 stages (E,F,K,N), and of 
juveniles (G,H,L,O), after application of the tracer to the cerebellar body. The level of the 
sections is indicated in Figures 2A and 4A-D. A-H, NB fibers and cells were located in the 
pretectum and thalamus. Comparisons of parallel sections in C and D shows that NB labeled 
cells D occupy the region where the thalamic calretinin-immunoreactive cell group is located. I-
L, NB labeled reticular mesencephalic cells at different developmental stages. M-O, Sections 
through the level of the oculomotor nerve root showing NB labeled cells in the nucleus ruber at 
different developmental stages, and some scattered cells in the tegmentum of a late embryo (N). 





















Figure 6. Transverse sections through the optic tectum (A-C) and rostral 
rhombencephalon (D-I) of embryos at early (D,G), intermediate (A) and late (E) 32 stage, 33 
stage (B,H), and of juveniles (C,F,I) after application of the tracer to the cerebellar body. The 
level of sections is indicated in Figures 2A, and 4A-D. A-C, Labeled cells in the mesencephalic 
trigeminal nucleus. D, Rostral rhombencephalon showing two NB labeled cells in the superior 
reticular formation primordium. E,F, Section through the rostral reticular rhombencephalon , 
just posterior to nucleus ruber showing NB labeled cells. G-I, Photomicrographs of the rostral 
rhombencephalon showing labeled cells and dorsolaterally located fibers in the isthmic group. 





















Figure 7. Transverse sections of the cerebellar peduncle of 31 stage (A), early (B), 
intermediate (C,D) and late (E-G) stage 32 embryos, and juveniles (H-J) after application of 
tracer to the cerebellar body. The level of sections is indicated in Figures 2A and 4A-C. A, 
Primordial cerebellar peduncle showing a submarginal NB labeled cell (arrow) and fibers at the 
level indicated in the scheme. B, Detail of two labeled cells in the medial zone of the cerebellar 
peduncle (arrows) and fibers that coursed following a dorsoventral orientation. C, Some labeled 
fibers and fiber endings in the dorsomedial zone of the cerebellar peduncle and abundant 
submarginal fibers that coursed following a dorsoventral orientation. D, Detail of the area 
squared in C showing some fibers bending towards the medial zone, apparently coming from 
the cerebellar cortex (black arrow) and from rhombencephalic tegmentum (white arrow). E, 
Dorsomedial zone of the cerebellar peduncle (cerebellar nucleus) showing abundant labeled 
fibers and fiber endings. F, Detail of the medial zone of the cerebellar peduncle showing some 
bending fibers arising apparently from the cerebellar cortex (black arrows) and from the 
rhombencephalic tegmentum (white arrow). G, Cerebellar nucleus showing abundant nucleo-
cortical cells in the medial zone and some cell in subventricular and marginal or lateral areas. 
H-J, Cerebellar nucleus of juveniles showing abundant labeled cells in the subventricular 
(arrow in H), lateral (arrow in I) and medial (arrow in J) areas; scattered cells in the white 
matter (I); profuse dorsoventrally oriented submarginal fibers (H,I); conspicuous bundles of 
fibers bending towards the medial region (H,I); and abundant fibers (I) and fiber endings (J) in 
the dorsomedial zone or white matter surrounding unlabeled (non-cerebellar projecting) nuclear 













Figure 8. Transverse (A-F,I-O) and sagittal (G,H) sections through the 
rhombencephalon of stage  31 (A), early (B), intermediate (C,I) and late (D,E,J-L) 32 stage 
embryos, and of juveniles (F-H,M-O) showing labeled structures after application of the tracer 
to the cerebellar body. The transverse sections correspond to the region ventral to cerebellar 
peduncle (A-F) and the caudal rhombencephalon (I-O), as indicated in Figures 2A and 4A-C. A, 
Detail of labeled fibers (arrow) ventral to the cerebellar peduncle at the level indicated in the 
scheme. B, Panoramic view of the cerebellar peduncle showing some labeled fibers (arrow) 
coursing in the marginal lateral region. C, Detail at the level indicated in the scheme, showing 
labeled marginal and submarginal fibers. D, Detail of labeled marginal and submarginal fibers 
coursing at the level indicated in the scheme. E, Detail of the trigeminal nerve entrance showing 
some labeled fibers in the subpial region (arrow) and in the trigeminal ganglion (arrowheads). F, 
Panoramic view of the cerebellar peduncle and detail (inset) showing labeled fibers ascending 
from the rhombencephalic tegmentum. Note fiber endings in the cerebellar nucleus. G, Sagittal 
view of the cerebellar peduncle showing two labeled crossed cerebellar afferent tracts (detail in 
the inset). Note one of them ascending from the mesencephalon and isthmal region (arrow). H, 
Just lateral sagittal view of the cerebellar peduncle to show labeled cerebellar afferent tracts 
from the rhombencephalon (arrow). I, Panoramic view of the caudal rhombencephalon showing 
two labeled cells located laterally (detail in the inset). J, Detail of a retrogradely labeled cell in 
the nucleus of the descending trigeminal root. K, Detail of labeled cells of the inferior reticular 
formation (in the lateral reticular area or likely the lateral reticular nucleus). L, Detail of the 
caudal rhombencephalon showing labeled cells in the inferior olive and raphe nucleus (detail in 
the inset). M, Detail of a labeled cell in the nucleus of the descending trigeminal root and some 
cells in the lateroventral inferior reticular formation (lateral reticular nucleus). N, Detail of 
labeled cells in the lateral reticular nucleus and intermediate reticular areas at the caudal 
rhombencephalon. O, Panoramic view of the caudal rhombencephalon showing a labeled cell in 
the raphe nucleus (detail in the inset). For abbreviations, see list. Scale bar = 75 µm in A,E,K; 









Figure 9. Transverse (A-K) and sagittal (L) sections of the caudal rhombencephalon of 
intermediate 32 (A-C) and late 32 (D-I) embryos, and of juveniles (J-L) showing cells labeled 
after application of the tracer to the cerebellar body. The level of the transverse sections is 
indicated in Figures 2A and 4B,C. A, Panoramic view at the level of the vagal nerve root 
showing a labeled cell (detail in the inset) in the rostral inferior olive primordium. B, Panoramic 
view of the rhombencephalon-spinal cord boundary showing two labeled cells, likely in the 
caudal inferior olive primordium. C, Detail of area squared in B showing paramedian labeled 
cells. D, Panoramic view of the rhombencephalon of a late stage 32 at the level of the vagal 
nerve root showing labeled cells in the rostral inferior olive (detail in the inset). E,F, Details of 
labeled cells in the rostral (E) and caudal (F) subpopulations of the inferior olive. G-I, Detail of 
the inferior olive showing rounded or elongated NB labeled cells (G) that are DCX negative (H; 
compare black arrows in G’and arrowheads in H’) and HuC/D positive (I; compare black arrows 
in G’ and I’). G-I corresponds to color Figure 14M. J,K, Details of adjacent sections showing 
that labeled cells in the rostral subpopulation (J) of the inferior olive are located dorsally to the 
caudal subpopulation (K). Note that cells are mostly rounded and some elongated (white arrow 
in K). L, Sagittal view of the inferior olive showing abundant labeled cells in the two 
subpopulations (rostral and caudal), and a dense tangle of dendrites and fibers in the neuropil. 















Figure 10. Transverse sections at embryonic stages 31 (B), early 32 (C-G) and late 32 
(A) after application of the tracer to the cerebellar body in A (black area in the scheme in A) and 
to the rostral spinal cord in B-G (black area in the schemes in B and C). The level of the 
sections is indicated in Figure 4A,C. A, Section through the rostral spinal cord showing a 
labeled cell (arrow) in the ventral horn. B, Cerebellar peduncle primordium showing an 
anterogradely labeled fiber (arrow). C-E, Some labeled fibers in the cerebellar cortex (arrows in 
C), and ipsilateral (arrow in D) and contralateral cerebellar peduncle (arrow in E). F, Section 
through isthmic levels showing labeled fibers in the anterior medullary velum and cerebellum. 
G, Labeled fibers at the median cerebellar cortex (arrow in the inset). For abbreviations, see list. 





















Figure 11. Transverse sections of the diencephalon (A-D) and mesencephalon (E-K) of 
juveniles of S. canicula after application of the tracer to the cerebellar body and subsequent 
immunohistochemistry with the markers indicated by the color code. White arrows point double 
labeled cells (colocalization of NB and immunomarkers), arrowheads indicate single labeled 
cells (not colocalization of NB with immunomarkers) and outlined arrows point to NB positive 
reticular cells in the mesencephalic tegmentum. A, Panoramic view showing NB and CR-ir cells 
in the pretectum and thalamus. B, Detail of area squared in A, showing some NB-CR double 
labeled cells (displayed in the inset). C, NB labeled thalamic and pretectal cells intermingled 
with 5-HT-ir and scarce GAD-ir fibers. D, NB labeled thalamic cells intermingled with scarce 
TH-ir fibers. Note the low density of ChAT immunoreactivity. E,F, NB labeled reticular cells of 
the mesencephalic tegmentum intermingled with Glut-ir and NeuN-ir cells. Some cells were 
triple NB-Glut-NeuN (inset in E), and double NB-Glut or NB-CR labeled (insets in E and F). G, 
NB positive reticular cells located laterally to the substantia nigra (TH-ir cells) and intermingled 
with abundant 5-HT-ir fibers. H,I, Details of NB positive cells in the nucleus ruber and the 
reticular area lateral to it, which are among Glut-ir, NeuN-ir and CR-ir cells. Some NB positive 
cells of the nucleus ruber present double labeling: NB-Glut (inset in H) or NB-CR (inset in I). J, 
Panoramic view showing the most rostral NB positive cells of the nucleus ruber between the 
ventral tegmental area and the substantia nigra (TH-ir areas), and NB positive reticular cells 
laterally to the substantia nigra (detail of cells in the inset). K, Detail showing the most caudal 
NB positive cells of the nucleus ruber located among abundant 5-HT-ir fibers, mostly beaded 
(surrounding a weak NB labeled cell, yellow arrow in the inset). These NB positive cells are 
located dorsally to a GAD-ir area and near the most rostral 5-HT-ir reticular cells of the 












Figure 12. Transverse sections of rostral rhombencephalic tegmentum (A-H) at the 
levels indicated in the schemes in Figs. A and E, and cerebellar peduncle (I-O) of juveniles 
showing labeled structures after application of the tracer to the cerebellar body and subsequent 
immunohistochemical combinations. While white arrows indicate double labeled cells 
(colocalization of NB with immunomarkers), arrowheads point single NB labeled cells (no 
colocalization with immunomarkers). A-D, Details of NB labeled cells of the superior reticular 
formation (at ventral and intermediate levels) located among abundant CR-ir, Glut-ir and NeuN-
ir cells and near 5-HT-ir cells. Note double labeled NB-CR (A) and NB-Glut (B) cells and some 
triple labeled NB-Glut-NeuN cells (B). The surrounding neuropil shows abundant 5-HT-ir and 
TH-ir fibers, but scarce GAD-ir or ChAT-ir fibers (C,D). E-H, Details of the NB labeled cells 
of the isthmic group, mostly NB-CR double labeled (E), which are lateral to the locus coeruleus 
(TH-ir cells) (F,G) and latero-ventral to the isthmic nucleus densely innervated by 5-HT-ir 
fibers (F,H). Note a few NB labeled-TH-negative cells in the locus coeruleus (asterisk in G), 
and a TH-ir cell with weak staining for NB (inset in G). Moreover, NB positive fibers of the 
isthmic group run in parallel with 5-HT-ir and GAD-ir fibers (H). I-O, Panoramic views and 
details of NB labeled cells and fibers in the cerebellar peduncle. I, NB-CR double labeled cells 
in the medial and subventricular parts of cerebellar nucleus. Note double labeled fibers in the 
white matter region. J, NB labeled cells of subventricular, medial and lateral cerebellar nucleus 
intermingled with abundant Glut-ir cells and some NeuN-ir cells. Some NB-Glut double labeled 
cells were observed in the medial and lateral (inset) parts. K, NB labeled fibers in the 
dorsomedial or white matter parts of the cerebellar nucleus appear intermingled with GAD-ir 
neuropil, whereas NB positive cells in the medial part appear intermingled with abundant 5-HT-
ir fibers (yellow arrow in the inset). L, The abundant NB labeled fibers and 5-HT-ir fibers show 
a separate distribution in the cerebellar nucleus. Note a few 5-HT-ir fibers (outlined arrows) 
among outstanding bundles of NB labeled fibers. The NB positive cells in the lateral part of 
cerebellar nucleus are located among abundant 5-HT-ir fibers. M, NB labeled cells in the 
subventricular, medial and lateral parts of cerebellar nucleus are intermingled with abundant 
TH-ir fibers and ChAT-ir fiber endings (yellow arrows). N, Subventricular part of the cerebellar 
nucleus showing abundant NB labeled cells, in addition to fibers and fiber endings singly 
positive for NB, ChAT and TH. O, Detail of the cerebellar peduncle corresponding to the area 
squared in M showing no colocalization of NB and ChAT-ir in fibers. Note NB labeled and TH-
ir fibers coursing in parallel following a dorsoventral orientation. For abbreviations, see list. 






Figure 13. Transverse sections through the caudal rhombencephalon (A-K) and spinal 
cord (L,M) of juveniles after application of the tracer to the cerebellar body and combination 
with immunohistochemistry. White arrows indicate double labeled cells and arrowheads 
indicate single labeled cells. A-E, NB positive precerebellar cells in the inferior reticular 
formation located at paramedian (in A,E), submarginal (lateral reticular area or lateral reticular 
nucleus, in A-C,E) and raphe (in D) areas. Note that some of them are NB-CR-ChAT (inset in 
A) and NB-Glut-NeuN (inset in B) triple labeled cells but 5-HT negative (C and inset in D). The 
NB labeled cells are located in areas with relative moderately dense neuropil immunoreactive to 
5-HT, GAD (C,D), TH and ChAT (E). F-K, Panoramic view (F) and details (G-K) of the 
inferior olive, showing colocalization in NB retrogradely labeled olivary cells with CR (inset in 
F) and Glut (G); the inferior olive is surrounded by Glut-NeuN (G) double labeled, TH-ir (H) 
and 5-HT-ir (H,I) reticular cells. Note also some NB positive cell of the inferior reticular 
formation close to the inferior olive (inset in I) and the different neurochemical content (H-K) of 
the dendritic processes (outlined arrows in H,I,K), beaded fibers, and boutons (yellow arrow in 
I) that innervate the inferior olivary area. L,M, NB labeled cells in the ventral horn of the spinal 
cord. Note a NB-CR double labeled cell (arrow in L) close to ChAT-ir motoneurons and a NB 
positive cell close to 5-HT-ir cells and intermingled with GAD-ir and 5-HT-ir fiber endings near 
the spinal cord floor plate (in M). For abbreviations, see list. Scale bar = 75 µm in G-K; 150 µm 















Figure 14. Sagittal (A-C) and transverse (D-M) sections through the rhombencephalon 
at embryonic stages 23 (A-C), 30 (D-I) and late 32 (J-M) to show cellular migrations from the 
rhombic lips. White arrows point double labeled cells and processes, and arrowheads indicate 
single labeled processes. The color code in each photomicrograph indicates the markers used. 
A-C, Panoramic view (A) and detail (B,C) of the isthmus showing DCX and HuC/D double 
labeled neuroblasts tangentially oriented to the brain surface and apparently coursing in 
dorsoventral (arrows in B,C) and rostro-caudal (outlined arrow in B,C) directions. D-I, Details 
of caudal rhombencephalon after tracer application in the lower rhombic lips (white area in the 
scheme in D) at stage 30 and subsequent immunohistochemistry with different markers (D-
F,H,I). D-F, Details of NB-DCX double labeled neuroblasts tangentially oriented at marginal 
(D), submarginal (E) and floor plate (F) levels. Locations of photomicrographs are indicated in 
the schemes in D and F. G-I, Details of radially oriented processes of NB labeled neuroblasts 
located in the area indicated in the schemes in G and I, showing a growth cone containing NB 
(outlined arrow in G), a process double labeled with NB and DCX (H), and two close processes 
labeled for NB and GFAP, respectively (I). J-M, Panoramic view (J) and details (K-M) of the 
caudal rhombencephalon after application of the tracer to the cerebellar body. Note DCX-
HuC/D double labeled cells in the marginal zone of the rhombencephalon (K corresponds to the 
area squared in J), and NB-HuC/D double labeled cells in the lateral reticular area (L) and in the 
inferior olive (M corresponds to merged Figure 9G-I). For abbreviations, see list. Scale bar= 50 














Figure 15. Schematic representation of the order of appearance of connections of some 
precerebellar nuclei of the rhombencephalon and spinal cord in the lesser spotted dogfish, rat 





























































As it has been described throughout this work, although cartilaginous fishes 
represent a key phylogenetic group because of the evolutionary innovation of the 
cerebellum at the agnathan-gnathostome transition, only a few studies have been 
concerned to the cerebellar development in these fishes (Larsell, 1967; Rodríguez-
Moldes et al., 2008; Chaplin et al., 2010).   
In the present work we have performed the first genoarchitectonic study of the 
rostral hindbrain of the shark Scyliorhinus canicula (Chapter 1). Because we have 
focused our attention to pharyngula stages, characterized by the cerebellar primordium 
appearance, our results may help to better understand the early cerebellar patterning in 
basal gnathostomes. This study has led us to distinguish the segmental identity of the 
region where the cerebellar primordium is located. As the gene expression patterns of 
the rostral hindbrain appears very similar to that described in amniote species (Aroca 
and Puelles, 2005), we could clearly discern the midbrain-hindbrain boundary as well as 
the distinct identity of rhombomere 0 and rhombomere 1. These results could give the 
basis for explaining some changes in gene expression that could have caused the 
evolutionary innovation of the cerebellum in the ancestor of gnathostomes. Indeed, 
though the isthmic genoarchitecture in S. canicula mostly coincides with that of agnatha 
(reviewed in Kuratani et al., 2002), small differences in gene expression patterns could 
explain why the isthmic organizer only induces the formation of a true cerebellum in 
jawed vertebrates. Interestingly, genes involved in the earliest patterning of the 
cerebellum and the jaw appear to be closely related. Both the cerebellum and jaw are 
considered evolutionary innovations in the ancestor of the gnathostome lineage, a fact 
that has been related to the appearance of new ways of feeding and more active 
locomotion (reviewed in Northcutt, 2002).  
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Developmental studies are essential for understanding the different 
morphogenetic processes that give rise to an adult cerebellum. So far, the most 
meticulous description about the cerebellar morphogenesis in chondrichthyans is that 
reported by Larsell (1967). Nevertheless, we have delved deeper into this aspect. The 
comprehensive developmental analysis we carried out in S. canicula to identify 
anatomical landmarks and cerebellar compartmentalization was performed on the three 
spatial axis (rostro-caudal, dorso-ventral and medio-lateral) of the developing 
cerebellum (Chapter 2). Moreover, molecular markers supplemented and supported the 
information obtained by analyzing anatomical landmarks. It should be noted that while 
early on development the position of the isthmic or meso-rhombencephalic fissure does 
not exactly coincides with the midbrain-hindbrain boundary based of gene expression 
data (see Chapter 1), the location of other cerebellar fissures and main subdivisions 
appeared to coincide, respectively with the limits and domains of expression of certain 
genes, respectively. These results emphasize the importance of combining descriptive 
classic studies with modern molecular techniques, as well as their usefulness in 
comparative neuroanatomy, as has been nicely illustrated by Puelles and Ferrán (2012). 
Furthermore, present genoarchitectonic and morphogenetic analysis (Chapters 1 and 2) 
allowed us to define when, where and how each part of the cerebellum is formed, and to 
characterize three developmental periods which provided the basis for the analysis of 
other aspects of the cerebellar development in this species and for the comparative 
neuroanatomical study performed (Chapter 3). These analysis have shown evidence that 
main developmental events we have observed in the cerebellum of S. canicula appear 
well conserved through evolution. 
The realization of this work helped us to solve some major questions but has 
raised new ones. On the one hand, when analyzing from what rhombomere the different 
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parts of the cerebellum are formed, we found some evidence that the cerebellum is 
formed exclusively from the rhombomere 1. Of note, ScHoxA2 (that is expressed in the 
rhombomere 2) was found in a domain that was classically identified as belonging to 
the lower auricle leaf. This result could indicate that part of the lower auricle leaf 
derives from r2. However, we think that this ScHoxA2 (r2) domain does not belong to 
the auricle because of the neurochemical differences found between these two regions. 
Further studies will be necessary for undeniably identifying the different rhombomeric 
derivatives.  
On the other hand, our results about a very simple median-lateral 
compartmentalization in the cerebellar cortex of S. canicula support the absence of 
multiple parasagittal bands in basal gnathostomes, as previously suggested (Puzdrowski, 
1997). Since in mammals different compartments are associated with different 
functionalities and, therefore, with a topographic map of the cerebellar afferents 
(Sillitoe et al., 2010), the existence of a paramedian ScEn2 positive and two lateral En2 
negative bands in S. canicula could be directly or indirectly related with the parasagittal 
topography of the olivocerebellar projection described by Fiebig (1988) in other 
elasmobranch species. The analysis of other compartmentalization markers, as well as 
hodologic studies, will be useful tools to further explore this hypothesis. 
Because the complexity of the cerebellar system is related to its set of 
connections, we also carried out a hodologic study in S. canicula (Chapter 3). The 
evidence of a possible topographic projection from the inferior olive similar to that 
reported in other elasmobranch (Fiebig, 1988) could be related to the basic median-
lateral compartmentalization described on the basis of the expression of ScEn2 (Chapter 
2).  The afferent and efferent system appeared very similar to that previously described 
in batoids (Fiebig, 1988; Puzdrowski and Gruber, 2009). Because the cerebellum of the 
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lesser spotted dogfish is simpler to that of batoids, and for this closer to the ancestral 
condition, we could generalize a set of cerebellar connections among cartilaginous 
fishes. Additionally we have characterized the precerebellar nuclei according following 
a segmental model of the brain.  
The results about the orderliness of cerebellar afferents arrival, which represent 
the first developmental study of connections of the cerebellar body in fishes, showed 
that the incoming of cerebellar afferents is mostly concurrent with establishment of the 
layering in the cerebellar cortex, previously reported by our group (Rodríguez-Moldes 
et al., 2008). Additionally, it coincides with the completion of the mature shape of the 
cerebellum that occurs at stage 32 (Chapter 2). However, some afferent cells from the 
cerebellar nucleus were observed earlier, at stage 31. Interestingly, at this stage although 
the cerebellar body has not yet achieved its mature shape, the protuberance of the 
cerebellar peduncle became already patent (Chapter 2). 
Also noteworthy is the fact that the arrival of spinal fibers to the cerebellar 
cortex before than that climbing fibers, appeared to be a highly conserved trait 
throughout evolution. Besides, the observation of the onset of Purkinje cells maturation 
at intermediate stage 32 may be used to establish the correspondence among equivalent 
developmental stages of other vertebrates. 
Because we have observed a high degree of conservation in the order of arrival 
of the different cerebellar afferents to the cerebellar cortex, we suggest that this 
orderliness could be indicative of the onset of different control systems by the 
cerebellum throughout development. For instance, as regards the control of visual 
reflexes, the detection of the first pretectal afferents was concurrent with the onset of the 
maturation of the photoreceptors in the retina (Ferreiro-Galve et al., 2010). In fact the 
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developmental timing of the retina (described by Ferreiro-Galve et al., 2010) and that of 
the cerebellum appear to be roughly concurrent.  
The evidence of rhombic lips derivatives that migrate tangentially along the 
migratory pathways of precerebellar nuclei precursors (see Sotelo and Chedotal, 2005) 
led us to propose that the precerebellar nuclei of S. canicula arise from the rhombic lips 
or somatosensorial area of the hindbrain, as was the case of the cerebellum (Chapter 1 
and 2). Furthermore, by comparing the location of cells that migrate tangentially from 
the upper rhombic lip (Chapter 3), to that of the expression domain of ScFgf8 (Chapter 
2), we could verify that they are located in the rostral part of the rhombomere 1 (or 
upper rhombic lip). The comparative analysis of our result with those described in other 
gnathostomes (Sotelo and Chedotal, 2005; Wullimann et al., 2011), revealed a high 
degree of evolutionary conservation also in the origin of precerebellar nuclei. 
To more accurately characterize these tangential migratory pathways in S. 
canicula, it should be necessary at least to genetically identify the rhombic lip 
derivatives and to elucidate their cell lineage and destination. We aimed then to search 
for new techniques that help to solve this question. Since techniques for monitoring cell 
lineages have been successfully carried out in other fish species (Wullimann et al., 
2011) we aimed to become familiar with these experimental approaches and explore 
their possible application in S. canicula. In a short stay in the laboratory of the Professor 
Reinhard Köster at the Technische Universität Braunschweig (Braunschweig, 
Germany), I have the opportunity of being trained in the generation of transgenic lines 
and electroporation techniques, which allowed transfecting plasmids in late zebrafish 
embryos. The application of these techniques to our animal model could open 
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 GENERAL CONCLUSIONS 
1. The analysis of the genoarchitecture of the rostral hindbrain in Scyliorhinus 
canicula showed that the expression pattern of isthmus related genes is very 
similar to that of other jawed vertebrates. This high degree of evolutionary 
conservation allowed us to discern the midbrain-hindbrain boundary as well as 
the boundaries between r0-r1 and r1a-r1b in the rostral hindbrain.  
2. While invertebrates present particular combinations of various isthmus related 
genes at the IsO-like signaling center, only vertebrates present a whole set of 
isthmus related genes with conserved expression patterns. Changes in the 
expression pattern of these genes observed in the agnatha-gnathostome transition 
(by the comparison between the lesser spotted dogfish and lamprey), might give 
a clue to clarify why the isthmic organizer only induces the formation of a true 
cerebellum in jawed vertebrates.  
3. The comprehensive study of the morphogenesis of the cerebellum in the shark S. 
canicula and the classification of its cerebellar development into three 
developmental periods permitted a more systematic study of developmental 
processes and comparative studies. The comparison of cerebellar morphogenesis 
in the galeomorph shark S. canicula with that of the squalomorph Squalus 
allowed the identification of equivalent embryonic stages between both sharks. 
Comparing to other gnathostome groups, we have observed that the process of 
cerebellar morphogenesis in the lesser spotted dogfish appeared to be closer to 
mammals than to bony fishes, which points to the cerebellum of elasmobranchs 
as an adequate model to study the ancestral condition of jawed vertebrates.  
4. The combined analysis on the gross anatomy and the gene expression patterns in 
this model species allowed us to identify cerebellar fissures as consistent 
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anatomical landmarks. Their order of emergence appeared to be roughly 
maintained through evolution, and therefore should be considered as an 
important developmental feature of the cerebellum in gnathostomes. Such 
genoarchitectonic analysis led us to discern the possible basal median-lateral 
compartmentalization of the cerebellum and to provide evidence of the exclusive 
cerebellar origin from r1. 
5. The characterization of precerebellar nuclei in S. canicula done following a 
segmental model of the brain revealed that this species share traits with other 
vertebrates. The developmental analysis revealed that the incoming of cerebellar 
afferents is concurrent with the establishment of layering in the cerebellum and 
that, later on, new precerebellar neurons become gradually demonstrable by 
retrograde transport, which reflects the progressive maturation of the granular 
and Purkinje cell layers.  
6. The hodologic and developmental study allowed the identification of key events 
as the onset of Purkinje cells maturation, which provides a reliable reference to 
establish correspondences among equivalent developmental stages of other 
vertebrates.  
7. The knowledge gained on the development of the olivo-cerebellar projection in 
S. canicula allows comparisons with the olivo-cerebellar system of other 
gnathostomes and supports hypothesis that involve this system in the timing of 
movements. This developmental analysis also showed that the spino-cerebellar 
projections, which precede the olivo-cerebellar projection, could be involved in 
early control of body movements by the cerebellum.   
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8. Similarities observed in the neurochemical signature of precerebellar nuclei 
between S. canicula and amniotes reveal a high degree of conservation of the 
organization of the cerebellar system. 
9. The evidence of tangential and radial migrations of rhombic lips derivatives in S. 
canicula, similar to that observed in other jawed vertebrates, suggests that 
migrating pathways of precerebellar nuclei precursors from rhombic lips 
appeared very early in gnathostome evolution. 
10. The results obtained in the present work show that common features between S. 
canicula and other gnathostomes in relation to the cerebellar development may 
represent the basal mechanisms necessary for the formation of more complex 





























1. El análisis de la genoarquitectura del rombencéfalo rostral en Scyliorhinus canicula 
mostró que el patrón de expresión de genes relacionados con el istmo es muy 
similar al de otros vertebrados mandibulados. Este alto grado de conservación 
evolutiva nos permitió discernir el límite mesencéfalo-rombencéfalo así como los 
límites entre r0-r1 y r1a-r1b en el rombencéfalo rostral.  
2. Mientras que los invertebrados presentan combinaciones particulares de varios 
genes relacionados con el istmo en el símil a un organizador ístmico, sólo los 
vertebrados presentan  un conjunto de genes relacionados con el istmo con patrones 
de expresión conservados. Cambios en el patrón de expresión de estos genes 
observados en la transición agnatos-gnatóstomos (mediante la comparación entre la 
pintarroja y lamprea), podría dar una pista para clarificar por qué el organizador 
ístmico solo induce la formación de un verdadero cerebelo en vertebrados 
mandibulados.  
3. El estudio detallado de la morfogénesis del cerebelo en el tiburón S. canicula y la 
clasificación de su desarrollo cerebelar en tres periodos de desarrollo permitió un 
estudio más sistemático de los procesos de desarrollo y estudios comparativos. La 
comparación de la morfogénesis cerebelar en el tiburón galeomorfo S. canicula con 
el del escualomorfo Squalus permitió la identificación de estadios embrionarios 
equivalentes entre ambos tiburones. En la comparación con otros grupos de 
gnatóstomos, hemos observado que el proceso de morfogénesis cerebelar en la 
pintarroja parece más próximo al de mamíferos que al de peces óseos, lo que señala 
al cerebelo de elasmobranquios como un modelo adecuado para estudiar la 
condición ancestral de vertebrados mandibulados. 
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4. El análisis combinado de la anatomía y los patrones de expresión de genes en esta 
especie modelo nos permitió identificar a las fisuras cerebelares como marcadores 
anatómicos consistentes. Su orden de emergencia parece mantenerse a lo largo de la 
evolución, y por lo tanto debería ser considerada como una característica importante 
del desarrollo del cerebelo en gnatóstomos. Dicho análisis genoarquitectónico nos 
llevó a discernir la posible compartimentalización basal medio-lateral del cerebelo, 
así como aportar evidencias del origen cerebelar exclusivo de r1. 
5. La caracterización de los núcleos precerebelares en S. canicula realizados siguiendo 
un patrón segmentario del encéfalo reveló que esta especie comparte rasgos con 
otros vertebrados. El análisis del desarrollo reveló que la llegada de aferencias 
cerebelosas es concurrente con el establecimiento de las capas en el cerebelo y que, 
más tarde, nuevas neuronas precerebelares llegan a ser gradualmente demostrables 
mediante transporte retrógrado, lo que refleja la maduración progresiva de las capas 
granular y de Purkinje.  
6. El estudio hodológico y del desarrollo permitió la identificación de sucesos clave, 
tales como el comienzo de la maduración de las células de Purkinje, lo que aporta 
una referencia consistente para establecer correspondencias entre estadios del 
desarrollo equivalentes de otros vertebrados. 
7. El conocimiento adquirido sobre el desarrollo de la proyección olivo-cerebelar en S. 
canicula permite comparaciones con el sistema olivo-cerebelar de otros 
gnatóstomos y apoya la hipótesis que involucra a este sistema en la sincronización 
de movimientos. Este análisis del desarrollo también mostró que las proyecciones 
espino-cerebelosas, las cuales preceden a la proyección olivo-cerebelosa, podrían 
estar implicadas en el control temprano de movimientos corporales por el cerebelo.  
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8. Similitudes observadas en la naturaleza neuroquímica de los núcleso precerebelosos 
entre S. canicula y amniotas revelan un alto grado de conservación de la 
organización del sistema cerebelar. 
9. La evidencia de migraciones tangenciales y radiales de derivados de los labios 
rómbicos en S. canicula, similar a lo observado en otros vertebrados mandibulados, 
sugiere que las rutas de migración de los precursores de núcleos precerebelosos 
desde los labios rómbicos aparecieron muy pronto en la evolución de los 
gnatóstomos. 
10. Los resultados obtenidos en el presente trabajo muestran que las características 
comunes entre S. canicula y otros gnatóstomos en relación al desarrollo cerebelar 
pueden representar los mecanismos basales necesarios para la formación de 













































RESUMEN DE LA TESIS 
 
  
RESUMEN DE LA TESIS 
 
Estudio del desarrollo del cerebelo de peces cartilaginosos: hacia la 
identificación de las características primitivas de la formación del 
cerebelo de vertebrados gnatóstomos 
 
El cerebelo o “pequeño cerebro” se encarga, entre otras funciones, de integrar la 
información sensorial y motora y está implicado en la coordinación y regulación de la 
actividad muscular, así como del mantenimiento del tono muscular y el balance. Pero 
además participa en el aprendizaje motor (en el que juega un papel importante la oliva 
inferior) y procesos cognitivos, los cuales han sido descritos incluso en peces óseos, así 
como en el análisis de la información de la línea lateral y electrorrecepción. 
Aunque la estructura cerebelar más compleja se encuentra en aves y mamíferos, 
todos los gnatóstomos o vertebrados mandibulados presentan una estructura básica en 
común. Existe un elevado grado de conservación, tanto de la estratificación de la 
corteza cerebelosa (capas molecular, de Purkinje y granular), como de la mayor parte de 
los principales tipos celulares (células estrelladas, de Purkinje, granulares y de Golgi). 
En agnatos (peces sin mandíbula), la presencia o no de un primordio de cerebelo está 
bajo debate. Sin embargo, dado que no presenta la estructura típica de la corteza 
cerebelosa (debido a la ausencia de los principales tipos celulares), no se considera un 
verdadero cerebelo. Dado que el cerebelo es reconocido como una innovación evolutiva 
de los gnatóstomos, es concurrente con la innovación evolutiva de la mandíbula, y en 
consecuencia, significó grandes cambios evolutivos, como la aparición de nuevos 
medios de alimentación (depredación) en vertebrados.   
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Los condrictios o peces cartilaginosos son reconocidos como el grupo con 
características más primitivas del cerebelo, y por lo tanto, claves para la búsqueda de la 
condición ancestral del cerebelo. El tiburón Scylorhinus canicula, comúnmente 
conocido como pintarroja, es un pez cartilaginoso actualmente considerado una especie 
modelo en Evo-Devo, el nuevo campo que relaciona estudios evolutivos y del 
desarrollo. En adultos, el cerebelo muestra un cuerpo cerebeloso y un par de aurículas 
laterales con dos láminas, una superior ubicada dorsomedial y otra inferior 
ventrolateralmente (ambas unidas rostrolateralmente). En la parte interna, el cerebelo 
muestra un amplio ventrículo, que se corresponde a una extensión del cuarto ventrículo. 
En la corteza cerebelosa se distinguen, desde la zona marginal a la ependimaria, las 
capas: molecular (que contiene células estrelladas), de Purkinje (con las células de 
Purkinje) y capa de fibras (que contiene axones de Purkinje y prolongaciones de 
aferencias cerebelosas). La capa granular (que contiene células de Golgi y granulares) 
está restringida a niveles paramediales, donde se encuentra agrupada en un par de 
eminencias paramediales, también conocidas como eminencias granulares. Estas 
eminencias se extienden rostro-caudalmente desde el velo medular anterior hasta los 
niveles más caudales, donde continúan en la aurícula. Además, en esta especie se 
conoce bien la ultraestructura y quimioarquitectura de la corteza cerebelosa, habiéndose 
mostrado que los componentes del cerebelo en mamíferos están representados 
primariamente en estos peces. 
El desarrollo del cerebelo ha sido ampliamente estudiado en mamíferos, no sólo 
porque es crucial para una mejor comprensión de la compleja estructura cerebelosa en 
adultos o el origen de muchas anomalías cerebelosas, sino que también lo es para 
conocer su historia evolutiva, pues la identificación de semejanzas y diferencias entre 
especies a lo largo del desarrollo es esencial para estudios comparativos. Este tipo de 
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estudios han permitido saber que a pesar de que el cerebelo es la estructura encefálica 
con aparentemente mayor variabilidad, todos los vertebrados mandibulados parecen 
presentar procesos de desarrollo similares y una red neuronal básica en común. Por lo 
tanto, para explicar lo más complejo, basarse en lo más simple puede servir para revelar 
la organización básica, elemental, que es común y esencial para todos los grupos. Sin 
embargo, en los peces cartilaginosos, a pesar de ser un grupo clave desde el punto de 
vista filogenético, los estudios realizados sobre el desarrollo del cerebelo en este grupo 
son escasos.   
Para una aproximación a la condición ancestral del cerebelo, y por las razones 
antes mencionadas, S. canicula es un candidato adecuado para estudiar el desarrollo 
cerebelar. Por ello, en el presente trabajo estudiamos el patrón de regionalización 
temprana del cerebelo, analizando la genoarquitectura de la región de donde surge el 
cerebelo, el rombencéfalo rostral, en etapas tempranas del desarrollo (cuando se forma 
el primordio del cerebelo), para así poder determinar su grado de conservación 
evolutiva. También se ha llevado a cabo un análisis detallado de los procesos 
morfogenéticos que tienen lugar durante el desarrollo del cerebelo, complementando la 
información de marcadores anatómicos y genéticos.  
Por otra parte, puesto que un conocimiento detallado de las conexiones 
cerebelares en este grupo de peces podría arrojar luz sobre la organización basal del 
sistema cerebelar, se ha realizado un estudio hodológico del cerebelo postnatal y 
durante el desarrollo embrionario (distinguiendo el orden de llegada de las distintas 
aferencias a la corteza cerebelosa). Además se ha caracterizado la naturaleza 
neuroquímica de los distintos núcleos precerebelosos. Para comprobar si el origen y 
desarrollo de los núcleos precerebelosos (a partir de los labios rómbicos) también 
muestran un elevado grado de conservación evolutiva, se ha desarrollado una primera 
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aproximación al estudio de las migraciones neuronales derivadas de los labios 
rómbicos.   
 
CAPÍTULO 1. Genoarquitectura del rombencéfalo rostral de un tiburón: base 
para comprender la emergencia del cerebelo en la transición entre vertebrados 
agnatos y gnatostomados. 
 El cerebelo se origina a partir de la región alar del rombencéfalo rostral. Se 
forma debido a la inducción por parte del organizador ístmico, que se encuentra 
localizado en el límite entre mesencéfalo-rombencéfalo o MHB (por las siglas en inglés 
referidas a midbrain-hindbrain boundary). El conocimiento sobre el territorio ístmico 
procede sobre todo de estudios realizados en mamíferos, aves, anfibios y peces óseos, 
pero se carece de estudios en peces cartilaginosos. Aunque un símil a organizador 
ístmico se ha descrito en hemicordados, la capacidad de inducir la formación de un 
cerebelo es una innovación evolutiva de vertebrados mandibulados o gnatóstomos.   
Puesto que los peces cartilaginosos son considerados un grupo filogenético clave 
por presentar las características más primitivas de gnatóstomos, el análisis comparativo 
del patrón de expresión de genes reguladores en el límite mesencéfalo-rombencéfalo 
(MHB) es esencial para encontrar diferencias que pudieran conducir a cambios 
evolutivos importantes. De hecho, diferencias en la expresión génica en relación al 
MHB de peces cartilaginosos con respecto a lo descrito en vertebrados sin mandíbulas o 
agnatos, podrían desvelar por qué el organizador ístmico adquiere la capacidad de 
inducir la formación del cerebelo.  
En el presente trabajo hemos analizado el patrón de expresión de una variedad 
de genes (ScOtx2, ScGbx2, ScFgf8, ScLmx1b, ScIrx1, ScIrx3 y ScEn2) mediante 
técnicas de hibridación in situ, así como la distribución de la proteína Pax6 en el 
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cerebelo en desarrollo del tiburón Scyliorhinus canicula. La ubicación de estos 
productos génicos en embriones tempranos (en etapa de faríngula) demostró una gran 
semejanza con lo descrito en mamíferos, revelando un patrón altamente conservado. Por 
consiguiente, las subdivisiones principales del rombencéfalo rostral de S. canicula han 
podido ser reconocidas. Nuestros resultados apoyan la existencia de un rombómero 0, 
identificado como el dominio ScFgf8/ScGbx2/ScEn2-positivo y ScIrx3-negativo, que se 
encuentra justo caudalmente al dominio del mesencéfalo ScIrx1/ScOtx2/ScLmx1b-
positivo. La expresión diferencial de ScEn2 y del anticuerpo anti-Pax6 en el rómbomero 
1 reveló una subdivisión en una mitad anterior (ScEn2-positiva) y otra posterior (Pax6-
positiva). En el estudio comparativo, hemos observado que los patrones de expresión de 
los genes ScFgf8, ScOtx2 y ScEn2 parecen bastante similares a sus homólogos descritos 
en agnatos. Sin embargo, se observaron diferencias en relación a la expresión de los 
genes Irx, pues en la pintarroja, al igual que en mamíferos, pero a diferencia de lo 
descrito en agnatos, el área del MHB es negativa para este gen. Aunque serían 
necesarios más estudios genéticos, estas diferencias podrían haber conducido a 
importantes cambios evolutivos, quizá relacionados con la aparición del cerebelo y con 
el hecho de que la duplicación de genes Irx ocurrió en el linaje de los gnatóstomos, 
después de la separación del linaje de agnatos. 
 
CAPÍTULO 2. Origen y desarrollo del cerebelo y estructuras relacionadas en un 
tiburón. 
Una vez determinada la ubicación del cerebelo, y durante la regionalización del 
eje antero-posterior del cerebro, las paredes alares del rombencéfalo rostral crecen 
dando lugar a los labios rómbicos, los cuales se unen en la línea media para originar el 
primordio cerebelar. Semejanzas entre los diferentes vertebrados se observan en etapas 
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tempranas, pero conforme avanza el desarrollo surgen muchas diferencias, mayormente 
debido a la divergencia filogenética. Paradójicamente, esto convierte al cerebelo en una 
estructura extremadamente variable en tamaño y forma a pesar de su organización 
básica altamente conservada a lo largo de la evolución. 
Por consiguiente, nos preguntamos en qué momento del desarrollo del cerebelo 
de pintarroja se establecen las principales diferencias con respecto a otras especies. 
También intentamos averiguar si genes responsables del desarrollo, que participan en el 
establecimiento del patrón del rombencéfalo rostral y en la regionalización 
intracerebelosa en otros vertebrados, jugarían el mismo papel en gnatóstomos basales 
como los peces cartilaginosos.   
Para una mejor comprensión de los procesos de desarrollo del cerebelo en un 
gnatóstomo basal, realizamos un análisis exhaustivo de los cambios en la anatomía 
macroscópica de estructuras cerebelosas en el tiburón galeomorfo Scyliorhinus canicula 
que nos llevó a distinguir tres períodos de desarrollo. Un primer período o etapa de 
desarrollo temprano, en el que la placa cerebelosa se forma por la fusión de los labios 
rómbicos; un segundo período o etapa intermedia durante la cual el primordio 
cerebeloso se convierte en cuerpo cerebeloso y aurícula superior, mientras la aurícula 
inferior se forma a partir del área somatosensorial adyacente; y un tercer período o etapa 
tardía el cual mayormente se corresponde con el crecimiento y maduración del sistema 
cerebelar. Esta clasificación es útil no sólo desde el punto de vista anatómico, sino que 
también para crear un marco para un estudio más sistemático del desarrollo del cerebelo 
desde otros puntos de vista, así como para facilitar el estudio comparativo con otras 
especies.  
En el análisis detallado del paso de formación del primordio cerebelar a cuerpo 
cerebeloso y aurícula, pudimos distinguir cómo tenía lugar la progresiva formación (de 
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rostral a caudal) de cuatro puntos de flexión, que nos han servido de referencias 
anatómicas. El primero se encuentra en el límite entre techo óptico y cerebelo 
(correspondiéndose con la fisura meso-rombencefálica). Los puntos segundo y tercero 
establecen los límites rostral y caudal entre las partes dorsal y ventral del cuerpo 
cerebeloso; y el cuarto se encuentra en el límite entre el cuerpo cerebeloso y la aurícula 
superior, correspondiéndose el último con la fisura posterolateral. 
La comparación del desarrollo cerebeloso en este tiburón galeomorfo (grupo 
caracterizado por poseer cuerpos cerebelosos complejos) con lo descrito previamente en 
un tiburón del grupo de los escualomorfos (con cuerpos cerebelosos más sencillos) 
reveló muchas similitudes interespecíficas, lo que nos ha permitido reconocer etapas 
embrionarias equivalentes. Además, la comparación con otros vertebrados 
mandibulados destacó el alto grado de conservación de los marcadores anatómicos en el 
proceso de morfogénesis cerebelosa. La adquisición de la forma madura del cuerpo 
cerebeloso y aurículas en el estadio 32 en S. canicula justifica el hecho de considerar 
este estadio como el inicio de la madurez en relación a la morfología del cerebelo, a 
pesar de que el cerebelo continúa creciendo a lo largo de toda la vida. Sin embargo, esto 
no se aplica a otros vertebrados con mandíbulas, pues en peces óseos, por ejemplo, la 
adquisición de la forma madura se adquiere más tarde que en la pintarroja.  
El orden de aparición de las fisuras posterolateral y primaria transversa debe ser 
considerado como una característica importante del desarrollo del cerebelo en 
gnatóstomos, dado que parece mantenerse en la mayoría de los vertebrados 
mandibulados. Por otro lado, el proceso de morfogénesis cerebelar en la pintarroja 
difiere bastante del de peces óseos y reptiles desde etapas tempranas del desarrollo, 
mientras que parece más próximo al de mamíferos. Así, los peces óseos desarrollan una 
estructura exclusiva de este grupo denominada válvula cerebelosa, y en algunos reptiles 
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el crecimiento del cerebelo es por eversión, a diferencia de peces cartilaginosos y demás 
gnatóstomos, en los que se produce por evaginación. Esto señala al cerebelo de 
condrictios o peces cartilaginosos como un modelo adecuado para el estudio de la 
posible condición ancestral de vertebrados mandibulados. 
Con el fin de complementar los datos anatómicos, también realizamos técnicas 
inmunohistoquímicas y de hibridación in situ. Para resolver cierta controversia sobre si 
las aurículas cerebelosas se originan a partir del rombómero 1 y/o del rombómero 2, se 
analizó el patrón de expresión del gen ScHoxA2 (marcador del rómbomero 2). Interesa 
destacar que las aurículas cerebelosas, tanto la lámina superior como la inferior, 
resultaron ser negativas para este gen, lo que sugiere un origen del cerebelo 
exclusivamente del primer rombómero. No obstante, una pequeña zona situada entre el 
área octavo-lateral y el área identificada como aurícula inferior, presenta características 
peculiares que nos han llevado a caracterizarla como una posible zona de transición 
entre ambas estructuras.  
Por otra parte, los patrones de expresión de los genes ScEn2 y ScOtx2 revelaron 
una compartimentalización antero-posterior del cerebelo similar a la de los mamíferos y 
apoya el hecho de que las fisuras (comúnmente utilizadas para definir dominios 
cerebelosos) sean utilizadas como marcadores o puntos de referencia anatómicos 
fiables. Además, la expresión de ScEn2 en el plano de la medio-lateral demostró un 
único dominio positivo paramedial, lo que apoya hipótesis previas sobre la aparición de 
un patrón de bandas múltiples más tarde en la evolución. Esto también viene apoyado 
por el marcaje del anticuerpo anti-aldolasa-C observado, con ausencia de múltiples 
bandas parasagitales.  
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Estos resultados enfatizan la importancia de combinar estudios clásicos 
anatómico descriptivos con actuales técnicas moleculares en un vertebrado mandibulado 
basal para estudiar la evolución, y en la búsqueda de la condición ancestral del cerebelo. 
 
CAPÍTULO 3. Desarrollo del sistema cerebelar aferente en el tiburón Scyliorhinus 
canicula: avances en los conocimientos de la organización basal de los núcleos 
precerebelosos en gnatóstomos. 
Un conocimiento exhaustivo de las conexiones cerebelosas en los peces 
cartilaginosos podría arrojar luz sobre la organización básica del sistema cerebeloso, de 
nuevo, partiendo de la base de que el cerebelo es reconocido como una innovación 
evolutiva de vertebrados mandibulados (cuyo grupo más primitivo está representado por 
los condrictios o peces cartilaginosos). La organización del sistema precerebelar de 
peces cartilaginosos ha sido previamente descrita por otros autores en adultos. Dichos 
estudios sugieren que las poblaciones celulares que proyectan al cerebelo pueden 
corresponderse con los núcleos precerebelosos de mamíferos. Además, fibras musgosas 
y trepadoras también han sido previamente descritas en adultos de la pintarroja o S. 
canicula. No obstante, no es posible entender el origen y evolución de los núcleos 
precerebelosos  sin la perspectiva del desarrollo.  
Por ello, en el presente trabajo se ha realizado un estudio del desarrollo de las 
conexiones cerebelosas en embriones y juveniles de S. canicula, mediante la aplicación 
de técnicas de trazado en combinación con técnicas inmunohistoquímicas. El trazador 
utilizado ha sido la Neurobiotina, el cual presenta una acción mayormente retrógrada, 
pero también puede ser transportado anterógradamente. Sobre la base de este transporte 
dual hemos podido distinguir las conexiones recíprocas entre la corteza cerebelosa y el 
núcleo cerebeloso en el mismo experimento: proyecciones nucleo-corticales, con células 
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del núcleo cerebeloso retrógradamente marcadas, y proyecciones cortico-nucleares, con 
paquetes de fibras dirigidos hacia el núcleo cerebeloso anterógradamente marcados. 
Estos últimos representan los axones de las células de Purkinje. 
Las principales poblaciones celulares precerebelosas que hemos podido 
determinar gracias a este estudio hodológico se encuentran situadas en el diencéfalo 
(pretecho y tálamo), mesencéfalo (formación reticular y núcleo ruber), rombencéfalo 
(núcleo cerebeloso, formación reticular y oliva inferior) y la médula espinal (asta 
ventral), siendo esta distribución muy semejante a las previamente descritas en otros 
peces cartilaginosos por otros autores. En cuanto al análisis a lo largo del desarrollo, se 
observó que la entrada del sistema cerebelar aferente es concurrente con el 
establecimiento de las capas del cerebelo. Más tarde, la proyección de nuevas neuronas 
precerebelosas alcanza progresivamente la corteza cerebelosa, lo que refleja la 
progresiva maduración de las capas granular y de Purkinje. El orden de llegada de los 
distintos sistemas aferentes podría ser indicativo de la aparición de diferentes sistemas 
de control por el cerebelo a lo largo del desarrollo. Por ejemplo, la maduración de los 
fotorreceptores de la retina en S. canicula (previamente descrito), que comienza en el 
estadio 32 temprano y se completa al final de este estadio, ocurre prácticamente de 
forma simultánea con el desarrollo de proyecciones pretecto-cerebelosas. Esto apoya la 
posibilidad de que el inicio del control de los reflejos visuales por el cerebelo se 
produce al principio del estadio 32, lo que estaría relacionado con la maduración 
funcional de la retina. 
Los primeros axones de las células de Purkinje alcanzan el pedúnculo cerebeloso 
coincidiendo con el momento en que se marcan retrógradamente las primeras neuronas 
de la oliva inferior (estadio 32 intermedio), caracterizando así el comienzo de la 
diferenciación de las células de Purkinje. Por otra parte, el conocimiento del desarrollo 
248
de la proyección olivo-cerebelosa puede permitir hacer comparaciones con el sistema 
olivo-cerebelar de otros gnatóstomos. El desarrollo de las proyecciones espino-
cerebelosas en la pintarroja precede, al igual que en amniotas, a la proyección olivo-
cerebelosa, sugiriendo que las aferencias de la médula espinal participarían en el control 
temprano de movimientos corporales por el cerebelo. Este patrón común del orden de 
llegada de las distintas aferencias al cerebelo entre vertebrados mandibulados podría 
resultar útil para la comparación de las etapas de desarrollo cerebeloso.  
Una observación destacable en la caracterización neuroquímica (mediante 
combinación del trazador y técnicas inmunohistoquímicas) es que todos los núcleos 
precerebelosos contienen células precerebelosas inmunorreactivas a calretinina. 
 La oliva inferior merece especial atención debido a la importancia funcional del 
sistema de fibras trepadoras olivo-cerebelar, ya que está involucrado en el aprendizaje y 
sincronización de movimientos. Los marcadores neuroquímicos del sistema olivo-
cerebelar en la pintarroja son bastante similares a los descritos en otros vertebrados. La 
existencia de dos subpoblaciones en la oliva inferior de S. canicula recibiendo 
diferentes tipos de inervación podría estar relacionado con proyecciones olivo-
cerebelosas topográficas diferenciales, lo que coincide con lo descrito previamente en 
otro pez cartilaginoso.  
Las similitudes que observamos en la caracterización neuroquímica de los 
diversos núcleos precerebelosos de la pintarroja y los amniotas probablemente indican 
un alto grado de conservación evolutiva. Además, la existencia de migraciones 
tangenciales y radiales de las células precerebelosas originadas en los labios rómbicos 
en S. canicula sugiere que su patrón básico pudo ser establecido muy temprano en la 
evolución de los gnatóstomos. 
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 En conjunto, los resultados obtenidos en el presente trabajo muestran que las 
características comunes observadas a lo largo del desarrollo del cerebelo entre 
Scyliorhinus canicula y otros gnatóstomos revelan el marco o armazón básico sobre el 
que se organizan cerebelos más complejos, y que podría corresponder a la organización 
























































Training stay in the laboratory of the Professor Reinhard Köster 
(Cell Physiology-Zoological Institute, Technische Universität Braunschweig, Germany) 
 
 The realization of this work helped us to solve some major questions regarding 
the origin and development of the cerebellum in elasmobranch fishes. However, it also 
raised new challenging questions, some of which have not been entirely resolved such 
as, for example, if the cerebellum arises exclusively (or not) from rhombomere 1 (see 
Chapter 1), or the identification of rhombic lips derivatives as precursors of different 
precerebellar nuclei (see Chapter 3). We think that these questions could be solved by 
cell lineage tracking of the rhombomere 1 and lower rhombic lip derivatives, 
respectively. Therefore, we aimed to approach to this technique, which has been 
successfully used in other fish species (see, for example, Volkmann et al., 2010; 
Wullimann et al., 2011; Hocking et al., 2013; and Fig. 1).   
 
 Figure 1. Plasmid driven GFP-expression 4 days post-electropration. Taken from Hoegler et al. 
(2011). 
The stay in the laboratory of the Prof. Köster (University of Braunschweig) has 
represented to me a great opportunity to be familiar with a number of techniques, 
including: (1) in vivo imaging, by using crossed transgenic lines and studying the 
combined distribution of  different cell types in cerebellum through development; (2) 
microinjection of various GFP-tagged plasmids and anterograde tracers at one cell 
stage; (3) electroporation of GFP-tagged plasmids and anterograde tracers in the 
cerebellum of embryos at 24 and 48 hours post fertilization.  
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  In the course of this stay I managed to electroporate specific cell types in 
zebrafish, even at late embryonic stages, which allowed the tracing of individual 
neurons.  
Since I have been successful in applying these techniques in late embryos of 
zebrafish, I consider they can be applicable to S. canicula, whose embryos are easily 
accessible and can be maintained out of the eggshell for several days. The application of 
these techniques to our animal model could ease the way for further comparative 
neuroanatomical studies.  
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